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Introduction 

The  problem  of  gamma-ray  lasing  attracts  attention  of  many  explorers  for  more  than  three 
decades  [1-3].  Solving  this  problem  will  - 

-extend  the  basic  principle  of  induced  boson  emission,  successfully  applied  in  the  optical 
laser  physics,  to  a  new  class  of  quantum  oscillators,  namely,  nuclei  and  antiparticles; 

-open  up  opportunities  for  using  in  modem  science  and  technology  a  new  energy  range  of 
coherent  photons,  namely,  keV  and  even  MeV; 

-introduce  into  practice  a  new  type  of  nuclear  reactions,  namely,  the  chain  reaction  of 
induced  radiative  transitions. 

I  believe  that  progress  in  this  field  will  give  birth  to  a  new  branch  of  science  and  technology 
-  QUANTUM  IWCLEONICS  -  that  should  extrapolate  quantum  electronics  and  non-linear 
optics  into  new  range  of  high  photon  energies  and  new  quantum  amplifying  media. 

The  interest  in  achieving  induced  emission  of  gamma-rays  has  fi-equently  peaked  in  the 
intervening  years.  The  very  first  maximum  of  efforts  arose  in  the  early  sixties  when  preliminary 
treatments  were  made  independently  in  Russia  [4,5]  and  in  the  USA  [6,7].  The  second  peak 
arose  in  1974.  In  Russia  this  peak  was  initiated  by  the  efforts  of  a  brilliant  scientist  Professor 
Rem  Khokhlov,  the  Rector  of  the  Moscow  State  University.  Unfortunately  this  promising 
period  ended  in  1977,  when  Khokhlov,  an  enthusiastic  mountain-climber,  perished  in  the 
Pamirs  range. 

Today  we  record  a  new  peak  of  interest,  perhaps  the  most  significant  in  terms  of 
experimental  investigations.  This  period  has  been  marked  by  the  world’s  first  experimental 
approach  to  one  of  the  most  important  side  of  the  problem,  the  pumping  of  nuclear  isomers. 
This  has  been  undertaken  by  the  group  of  Professor  C.B.Collins  fi-om  the  Center  for  Quantum 
Electronics  of  the  University  of  Texas  at  Dallas  [8]. 

Gamma-ray  lasing  is  a  very  diverse  interdisciplinary  problem  involving  many  independent 
keystone  tasks.  One  may  group  them  into  two  big  main  parts; 

Part  A: 

Development  of  the  methods  for  preparing  the  amplifying  media,  including  the  pumping 
isomers  by  proper  nuclear  reaction,  isotope  separation,  metastable  isomer  selection,  etc. 


Part  B: 

Actualising  the  efficient  nuclear  chain  reaction  of  radiative  transitions,  or  in  other  words, 
gamma-ray  lasing.  This  implies  the  tasks  of  raising  the  gain,  exceeding  the  threshold, 
elimination  the  line  broadening,  building  up  the  feedback,  etc. 

The  greatest  positive  impact  upon  feasibility  of  solving  the  problems  of  Part  A  and  the 
whole  gamma-ray  lasing  problem  has  come  from  astounding  discovery  of  giant  resonances  for 
non-coherent  pumping  isomer  nuclei  made  by  the  team  of  Professor  Carl  B.  Collins  (the 
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University  of  Texas  at  Dallas)  eight  years  ago  [8],  An  integrated  cross-section  exceeding  by 
several  orders  of  magnitude  the  usual  value  has  been  found  for  various  long  living  isomers,  for 
instance  ^^‘’Ta,  *’*Hf,  etc.  These  unique  nuclear  transitions  are  called  among  Russian  scientists 
the  Giant  Texas  Resonances  (GTR). 

Just  this  experimental  success  opens  the  gate  for  moderate  breakthrough  expectations  and 
forces  us  to  analyse  the  feasibility  of  solving~the  problems  of  Part  B.  Consequently  in  present 
analysis  we  will  pay  attention  strictly  to  some  aspects  of  the  lasing  process  itself.  Such 
approach  radically  contrasts  to  the  another  experimental  task  of  counting  the  solitary  events  of 
stimulated  emission  of  radiative  gamma-transitions.  The  latter  type  of  experiments  (if  the 
opportunity  of  strengthening  the  effect  is  not  evident)  is  only  of  methodological  interest 
because  there  is,  of  course,  no  necessity  to  verify  the  applicability  of  the  general  laws  of 
stimulated  emission  of  bosons  to  the  nuclear  transitions. 

It  is  well  known  that  two  main  factors  to  be  increased  for  attaining  the  sufficient  gamma-ray 
gain  are  the  degree  of  nuclear  state  inversion  and  the  ratio  of  natural  radiative  linewidth  to  the 
total  linewidth  including  various  homogeneous  and  unhomogeneous  broadenings.  The  task  of 
rising  the  degree  of  inversion  belongs  mainly  to  the  Part  A  problems.  But  what  about  the 
second  task,  namely  the  increasing  the  linewidth  ratio? 

Let’s  recollect  that  beginning  with  very  first  Russian  and  American  proposals,  the  main 
concepts  of  stimulating  the  gamma-ray  emission  were  based  on  making  use  of  Moessbauer 
transitions  in  nuclei  embedded  in  solid  matrix.  The  only,  but  very  important  merit  of  this 
approach  is  the  possibility  of  minimising  the  spontaneous  linewidth  down  to  the  natural 
radiative  value.  At  this  point  it  is  best  to  review  some  well-known  facts  about  such  transitions. 
When  the  temperature  of  the  crystal  containing  the  active  nuclei  is  high  compared  to  the  Debye 
temperature,  the  gamma-transition  line  is  spectrally  split  into  two  lines.  These  are  the  emission 
line  for  excited  nuclei  and  the  absorption  line  for  unexcited  ones.  Both  lines  are 
unhomogeneously  broadened  by  thermal  motion  and  other  factors.  If  the  line  splitting  equal  to 
twice  the  nuclear  recoil  energy  exceeds  the  unhomogeneous  broadening  a  spectrally  local 
inversion  of  nuclear  population  may  occur,  even  without  the  presence  of  an  overall  inversion  of 
excited  nuclei.  Therefore  gamma-ray  gain  is  positive  but  small  because  the  ratio  of  the 
homogeneous  (natural)  radiative  line  width  to  the  unhomogeneous  width  is  very  small.  In  the 
low  temperature  limit  the  line  splitting  does  not  exist  and  recoilless  Moessbauer  emission  and 
absorption  can  take  place.  Then  the  line  width  ratio  is  approximately  equal  to  unity  but  an 
overall  inversion  of  excited  nuclei  must  be  present  to  achieve  gain.  Thus  the  gain  is  again  small 
when  the  inversion  is  not  sufficiently  large  or  even  negative  when  an  inversion  is  absent. 

The  opportunity  of  Moessbauers’s  approach  must  be  paid  by  numerous  well  known 
complications  inherent  in  general  for  the  solid  state  that  are  not  surmounted  until  today.  For 
example,  an  unbroadened  Moessbauer’ s  line  of  natural  width  can  not  be  realised  for  isomers 
with  too  long  lifetimes  (say,  for  the  lifetime  exceeding  tens  of  microseconds)  because  of  crystal 
structure  unhomogeneity,  as  well  as  another  reasons,  that  grow  catastrophically  under  the 
influence  of  intense  pumping  of  any  kind.  From  the  other  side  the  lifetime  needs  to  be  longer  to 
reduce  the  requirements  for  pumping  intensity.  So  some  kind  of  vicious  circle  arises. 

Therefore  it  is  of  interest  to  explore  in  parallel  to  the  well  tramped  Moessbauer’s  path  various 
bypasses  departing  from  the  necessity  for  solid  matrix.  All  the  versions  discussed  make  use  of 
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free  nuclei  especially  collected  in  particle  beams  of  various  kinds.  So  one  of  the  main  purpose 
is  the  overcoming  the  negative  influence  of  random  thermal  motion  on  the  photon  gain. 


1.  Stimulated  emission  from  monokinetized  nuclear  beam 
with  hidden  inversion  [9-14] 


Spectrally'local  or  hidden  inversion  and  the  threshold  condition  in  free  nuclei  populations 

What  will  happen  when  an  ensemble  of  free  nuclei  is  cooled?  The  nuclear  recoil 
accompanying  any  hard-photon  radiative  process  causes  the  splitting  of  emission  and 
absorption  lines.  So,  if  the  temperature  T  of  free  nuclei  is  low  enough 

kT<E^  / 2Mc^  ln(«,  In^)  (1) 

it  is  possible  to  obtain  a  local  inversion  over  part  of  the  spectral  line  without  a  total  excess  of 
the  concentration  of  excited  nuclei  n^  over  that  of  unexcited  ones  n^  (neglecting  state 
degeneracy)  [9].  Here  Mis  the  mass  of  nucleus,  E  -  the  transition  energy,  k  -  the  Boltzmann 
constant,  c  -  the  speed  of  light.  It  should  be  remarked  that  optical  lasers  with  spectrally  local 
(or  hidden)  inversion  of  different  origin  have  long  been  in  use  (for  instance,  semiconductor 
diode  lasers).  As  follows  from  Eq.  (1)  a  deep  inversion  can  be  easily  achieved  when  the 
temperature  is  less  than  one  Kelvin  {T<  1  K).  Say,  for  mass  of  nuclei  of  one  hundred  (Me  = 
100  GeV)  and  for  photon  energy  equal  to  £  =  10  keV  the  spectrally  local  inversion  at  the 
center  of  the  emission  line  is  achieved  at  temperature  T=  .5  K,  if  the  concentration  ratio  is 
equal  to  nfn^  =  10' ,  that  is  by  many  orders  of  magnitude  lower  than  the  concentration 
required  for  total  inversion. 

Simultaneously  the  line  width  decreases  drawing  nearer  to  the  natural  homogeneous  value 
and  the  gain  grows.  But  much  more  deep  cooling  down  to  the  submicrokelvin  range  is  needed 
to  maximise  the  growing  linewidth  ratio  and  to  overcome  the  threshold 


kT  <  27iM[c^h\^a)^  /  E^mf  (2) 

in  other  words,  to  ensure  the  excess  of  gain  over  the  photon  losses  of  any  kinds  (  «  is  the  total 
concentration  of  nuclei,  k  -  the  total  cross  section  of  the  photoeffect  and  the  Compton 
scattering,  A<»y<Aa)p  -  the  natural  radiative  linewidth,  Aco^-  the  Doppler  linewidth)  [9]. 

So  the  beam  cooling  is  the  central  point  of  this  approach.  But  fortunately,  in  fact,  there  is  no 
need  to  implement  truly  thermodynamic  cooling  of  the  nuclei  to  lower  the  negative  influence  of 
Doppler  broadening  on  the  photon  gain.  Ensuring  high  monokineticity  of  nuclei  with  respect 
to  the  translational  degree  of  freedom  coinciding  with  the  expected  direction  of  the  gamma-ray 
flux  by  any  feasible  method  is  quite  adequate  solution. 

Preparing  the  monokinetized  and  dense  nuclear  beam 
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To  achieve  the  monokinetized  nuclear  beam  may  mean  the  use  of  various  known  methods 
of  laser-light  pressure  that  can  provide  an  effective  temperature  in  the  nanokelvin  range  [15], 
but  needed  to  be  improved  in  order  to  rise  significantly  the  particle  concentration. 

Another  combined  methods  involve  an  electrical  acceleration  of  ions  accompanied  by 
optical  laser  selection  of  their  velocities  [16,17].  The  laser  light  plays  here  the  role  of 
Maxwell’s  demi6n  determining  the  particle  velocity,  whereas  the  electric  field  executes  the  task 
set  by  this  demon. 

For  instance,  let’s  accelerate  negative  ions  with  random  initial  velocities  by  an  external 
electric  field.  Photodetachment  of  an  electron  by  the  narrow-band  laser  beam  becomes  possible 
as  result  of  Doppler  effect  only  when  the  individual  ion  velocity  reaches  a  threshold  value. 
Resulting  neutral  atoms  continue  inertial  ballistic  motion  with  this  threshold  velocity  common 
to  all  the  atoms  originated  from  the  negative  ions. 

In  another  version  atoms  with  random  velocities  are  ionised  by  a  laser  with  frequency 
linearly  varying  in  time.  Due  to  Doppler  effect  ionising  befalls  at  the  different  moments 
depending  on  the  individual  atom  velocities.  So  the  ions  are  accelerated  by  an  external  electric 
field  during  different  time  intervals.  The  velocities  of  all  the  newly  formed  ions  are  almost  the 
same  for  some  specified  field,  that  is  proportional  to  the  rate  of  frequency  variation  and  the 
atom’s  mass. 

But  the  pure  electric  methods  probably  are  the  simplest  ones.  When  ions  are  accelerated  by 
an  electric  field  the  longitudinal  velocity  spread  drops  drastically  due  to  the  quadratic 
dependence  of  the  kinetic  energy  on  the  velocity  [9].  The  new  longitudinal  temperature  after 
acceleration  over  the  voltage  U  is  equal  to 


kT  =(kTJ^lnl/  ^eU  (3) 

where  is  the  initial  temperature,  and  e  -  the  ion  charge  [9].  For  instance,  the  100  kV 
acceleration  (f/  =100  kV)  reduces  the  temperature  from  =80  K  down  to  T=\  microkelvin. 
There  are  of  course  some  limitations  in  this  cooling  process  caused  by  the  ion-beam  space 
charge,  the  Nyquist  noises,  the  second-order  Doppler  effect,  the  intermolecular  forces,  etc.  [9- 
11]. 

Unfortunately  the  possibility  of  solving  the  task  of  the  beam-density  enhancement  arising  in 
parallel  to  the  cooling  problem  is  not  evident  today.  The  known  useful  methods  of  electron 
optics  and  laser  assisted  compression  might  be  complemented  by  the  ballistic  focusing  of 
neutral  particles  [9,10].  This  method  includes  the  electric  field  for  setting  the  proper  initial 
conditions  to  the  parent  negative  ions  and  the  optical  laser  for  electron  photodetachment  to 
neutralise  them.  Then  the  neutral  atoms  with  almost  unperturbed  initial  conditions  move 
unhindered  by  Coulomb  repulsion  along  the  trajectories  coming  together  and  the  beam  density 
rises. 

For  example,  let’s  consider  acceleration  of  the  rectilinear  fragment  of  the  negative  ion 
beam  with  ring-like  cross-section  between  coaxial  cylindrical  electrodes.  The  radial  pulsed 
electric  field  imparts  to  all  the  ions  the  radial  velocity  component  directed  toward  the  axis. 
Than  the  optical  laser  beam  performs  photodetachment  of  electrons.  The  subsequent  motion  of 
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neutral  atoms  toward  the  axis  takes  place  without  any  influence  of  any  external  fields  and 
also  without  Coulomb  repulsion.  This  ballistic  motion  is  accompanied  by  concentration 
increase. 

Estimates  show  an  expected  density  enhancement  of  1000. 

''  Total  gain  over~the  whole  beam  length 

If  the  lifetime  of  metastable  state  is  long  enough  (say,  exceeds  significantly  the  microsecond 
range)  the  beforehand  pumping  and  supplying  the  excited  nuclei  from  hot  zone  are  possible.  In 
this  case  spontaneous  decay  of  the  metastable  isomers  with  the  lifetime  T<(Ac0y)"  limits  the 
optimum  beam  length 

L  -uTln( Wj/  n,^)  (4) 

where  u  is  the  translational  velocity  of  the  beam,  and  -  the  threshold  concentration  of  n^  that 
follows  from  Eq.  (2)  by  converting  them  to  an  equality  . 

The  total  gain  over  this  length  reaches  its  maximum  [9,10] 


G'max  ®  exp[«/a/r(-^  -  In-^  - 1)]  (5) 

^th  ^th 


But  it  should  be  noted  that  the  long  lifetime  demands  very  deep  cooling  down  to 
submicrokelvin  value. 

So  the  whole  scenario  will  require  the  following  sequence  of  operations:  forming  a  beam  of 
metastable  isomers  and  rapid  supplying  them  from  the  hot  pumping  zone;  deep  beam  cooling 
and  compression;  and  finally  realisation  of  stimulated  gamma-ray  emission  in  prepared  cold  and 
dense  beam. 

Numerical  example  for  hypothetical  isomer  with  the  charge  of  20,  photon  energy  equal  to 
E  =  2.5  keV,  lifetime  of  x  =1  microsecond  monokinetization  by  acceleration  up  to  the  particle 
energy  eU=l00  keV  reduces  the  temperature  from  =  4  K  down  to  T  =  2.5  nanokelvin; 
positive  gain  over  the  beam  length  L  =  180  cm  arises  when  the  current  density  of  the  parent 
ion  beam  exceeds  1  A/cm^  taking  into  account  a  density  enhancement  of  1500  [9,10]. 

Another  most  important  version  making  use  of  short  living  states  in  isomer  nuclei  excited 
through  Giant  Texas  Resonances  (GTR)  is  a  very  attractive  one  because  of  the  opportunity  to 
provide  intense  non-coherent  photon  pumping  almost  simultaneously  and  in  parallel  to  the 
lasing  process  itself  This  significantly  lowers  the  beam-cooling  requirements  needed  for 
drawing  nearer  to  unity  the  linewidth  ratio.  For  instance,  the  subnanosecond  lifetime  demands 
the  longitudinal  beam  “temperature”  of  millikelvin  range  and  the  beam  acceleration  up  to 
hundreds  electronvolts. 


Critical  number  of  excited  nuclei  [Appendix  4] 


Bearing  in  mind  further  first  experimental  tests  it  is  of  importance  to  estimate  the  critical 
number  of  excited  nuclei  which  provides  the  reliable  observation  of  the  amplification  effect 
superimposed  on  the  spontaneous  background  [Appendix  4].  This  number  appears  to  be 
surprisingly  small  (approx.  10* ,  concentration  being  approx.  cm'*  and  equivalent  ion 
beam  current  approx.  70  microA)  and  does  not  contradict  with  today  experimental 
possibilities  for'^both  mentioned  methods  of  nuclear  ensembles  monokinetization  (electrical 
acceleration  of  nuclei  and  cooling  by  various  modem  methods  using  the  optical  laser  light 
pressure).  The  amplification  zone  possesses  the  fiber-like  configuration  with  micrometer  cross- 
section  diameter  which  is  allowed  by  diffraction  limitations  because  of  the  wavelength 
smallness. 

The  calculation  of  the  critical  number  of  nuclei  is  based  on  the  mirror  free  model  of  an 
amplification  channel  taking  into  account  not  only  the  diffraction  effects  but  also  the  inherent 
photon  losses  and  the  process  of  induced  breeding  the  initial  gamma-photons  of  spontaneous 
origin  and  the  decrease  of  the  concentration  of  excited  nuclei. 

The  unexcited  nuclei  may  be  more  numerous  in  the  nuclear  ensembles  with  hidden 
inversion  than  the  excited  ones.  This  strongly  rises  the  gamma-photon  losses  in  the 
amplification  channel  caused  by  the  photoeffect  and  Compton  scattering  on  atom  electrons 
and  consequently  heighten  the  lasing  threshold.  We  consider  the  ways  to  elimination  of  this 
negative  influence  using  the  recoil  effect  caused  by  transfer  of  the  pumping  photon  momentum 
to  the  excited  nucleus  which  obtain  the  additional  velocity  in  the  direction  of  pumping  flux. 
This  results  in  the  Doppler  shift  between  the  transition  energies  and  ionisation  potentials  of 
atoms  with  excited  and  unexcited  nuclei.  The  typical  relative  shift  (10'*  )  exceeds  significantly 
the  thermal  spread.  Thus  this  shift  can  be  used  for  separation  of  atoms  with  excited  and 
unexcited  nuclei  by  known  methods  of  optical  laser  ionisation  in  on  two-steps  process.  Such 
cleansing  lowers  the  gamma-threshold  more  than  by  one  order  of  magnitude. 
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n.  External  ignition  of  gamma-ray  giant-pulse  emission 


Elimination  of  negative  influence  of  random  particle  motion  on  the  gain  making  use  of 

two-photon  stimulated  process 


This  approach  is  also  based  on  the  elimination  of  the  pernicious  influence  of  random  motion 
of  free  particles,  but  does  not  demand  any  cooling  to  involve  into  stimulated  emission  all  the 
particles  with  randomly  distributed  individual  velocities.  It  uses  all  the  experience  gained  in 
two-photon  sub-Doppler  optical  spectroscopy.  Excited  states  suitable  for  such  experiments  are 
those  for  which  two-photon  transitions  are  competitive  with  one-photon  decay  channels  [11- 
14]. 

Let's  consider  the  stimulation  of  radiative  two-quanta  transitions  in  free  nuclei  by  two 
counter  propagating  external  photon  beams.  It  can  be  seen  from  the  laws  of  energy  and 
momentum  conservation  that  the  total  energy  of  both  photons  emitted  in  opposite  directions  is 
given  by  equation 


n{(D^  +0)^)  =  E  +  hSa)-- 

c  2  Me 


where  and  are  the  photon  frequencies,  Sco  =  -  the  frequency  detuning,  u  -  the 

longitudinal  random  velocity  of  the  nucleus.  The  latter  term  is  due  to  recoil.  Supposing  the 
homogeneous  line-width  Aw^  to  be  extremely  small  (Ao)^  =  0),  one  can  see  that  the  motion  of 
the  nucleus  with  arbitrary  random  velocity  does  not  violate  the  resonance  condition  between 
radiation  and  nuclear  transition  only  if  detuning  is  zero  {Sco  =  0).  Thus  all  the  nuclei  with 
different  random  velocities  are  included  in  the  process  of  stimulated  emission  into  central  mode 
with  zero  detuning  Sco  =  0  and  0)^  =  co^.  If  we  take  into  account  the  finite  homogeneous  line- 
width  Ao)^,  the  total  number  =  c/Au»l  of  pairs  of  such  modes  situated  in  allowed  detuning 
interval  Sco^  =  AcofclAu)  is  inversely  proportional  to  the  width  of  velocity  distribution  function 
Au. 

Therefore  the  spectral  distribution  of  two-photon  emission  stimulated  by  two  external 
photon  beams  propagating  in  opposite  directions  features  a  narrow  peak  at  E/2,  which 
corresponds  to  increased  rate  of  emission  fed  by  all  the  nuclei  independently  of  their  random 
velocities  because  the  frequencies  of  stimulating  beams  possess  identical  Doppler  shifts  of 
opposite  signs.  The  gain  in  this  narrow  spectral  band  tending  to  natural  linewidth  noticeably 
exceeds  that  in  spectral  wings  where  only  small  fraction  of  total  amount  of  randomly  moving 
nuclei  acts  in  emission  process  in  each  given  frequency  interval.  The  ratio  of  corresponding 
gain  coefficients  approximates  the  ratio  of  Doppler  width  to  the  natural  width  being  of  several 
orders  of  magnitude  [11-14]. 


Two-quanta  amplification  of  counter  propagating  photon  beams 

The  stationary  two-quanta  amplification  of  two  counter  propagating  photon  beams  with 
densities  I  and  I*  and  spectral  width  Aco^  within  the  interval  5(o^  is  governed  by  simple  rate 
equations  with  the  product  of  both  beam  densities  at  the  right  sides 


^  =  P(n,-nfir 

dz 

dz 


(7) 


where  b  =  const  [cm4=i<s].  The  terms  corresponding  to  spontaneous  and  spontaneous- 
stimulated  emission  and  to  photon  losses  are  omitted  in  the  case  when  the  product  II  is  high 
enough  [12], 

Eqs.  (7)  lead  to 


^  =  P(n,-nfI(C-I) 
dz 


(8) 


where  the  concentration  difference  is  equal  to 


_ ^^0 _ 

l+I(C-I)/P, 


(9) 


and 


c  =  /  +  /*  =  /,„,  +  /*„  =  /L  +  4„  =  const 


(10) 


Here  7  and  I*  are  the  input  densities  of  external  igniting  beams,  and  7^,  -  the  output 
beam  densities,  n^  -  the  initial  concentration  difference  when  7=7  =0,  f  -  the  saturation  beam 
density  that  depends  on  the  used  pumping  scheme. 

The  result  of  integration  of  Eq.  (8)  is  the  transcendent  equation  for  the  net  output 
7  =7  -7  =r  -7* 

^  n  out  ign  ^  out  ign 

fL  +  l^(l  +  }-)j-Un[(^  +  l)(^M  +  l)J+^-f  =  Pnf^L  (11) 

L  Tsn  h 

where //  =  7,^„/7*„. 
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FIGURE  1 .  Normalised  net  output  I^/I^  versus  product  bnJL 
(curves  1  -  =  .5,  curves  2  -  ijjlf  =  .01) 

Its  solution  presented  in  Figure  1  shows  the  ambiguity  of  dependence  of  normalised  net 
photon  output  /y/  on  the  medium  activity  (product  bnJL)-.  The  curves  possess  the  S-like 
form.  So  one  can  expect  the  avalanche-like  jumping  behaviour  of  the  output  intensity 
accompanied  by  devastating  the  excited  states  and  emission  of  giant  gamma-ray  pulse  if  the 
initial  concentration  difference  n^  reaches  some  critical  value. 

Of  course,  the  jump  process  itself  is  beyond  description  by  stationary  solution  (1 1).  But  the 
enormous  value  of  jump  manifests  almost  full  transformation  of  the  energy  of  inverted  states 
into  coherent  gamma-radiation.  The  nonlinearity  deepens  and  the  output  jump  grows  if  the 
ignition  asymmetry  increases  (jx  »1). 


iO 


Non-linear  mirrorless  dynamic  feedback  due  to  stimulated  two-photon  emission 


Such  kind  of  burst  generation  of  coherent  gamma-photons  is  due  to  the  special  type  of 
dynamic  distributed  feedback  arising  in  the  two-photon  emission  induced  by  two  counter 
propagating  beams.  Setting  up  of  this  non-linear  dynamic  feedback  with  the  coupling 
coefficient 


p=~  =  IKi>,-n,)r  (12) 

I  dz 

proceeds  in  each  event  of  two-photon  stimulated  emission  because  all  the  new  photons  hit 
perfectly  the  wanted  modes  of  opposite  directions.  One  can  also  pay  attention  to  the  presence 
of  a  standing  wave  (the  first  feedback  symptom)  in  this  process.  Such  dynamic  feedback 
inherent  to  the  two-photon  induced  emission  without  any  mirrors  is  important  because  creation 
of  reflecting  structures  for  the  gamma-ray  range  is  a  very  complicated  task  [12-14]. 

Some  remarks  on  the  gain  and  various  kinds  of  line  broadening 

The  gain  constant  b  of  two-photon  emission  strongly  depends  on  the  level  scheme  of  the 
nucleus  due  to  the  resonance  denominator  {\-2E.  IE)  ,  where  E.  is  the  energy  of  the  inteijacent 
level  between  the  lasing  levels. 

If  the  detuning  in  the  denominator  is  too  small,  the  stimulated  two-photon  transition 
degenerates  into  two  independent  single-photon  transitions  in  series.  Therefore  the 
denominator  must  sufficiently  exceed  the  Doppler  width  [12] 


(I-IE,/  E)^  »l(kT  / Mc^)  In 2 


(13) 


To  eliminate  the  time-of-flight  line-broadening  and  the  collision  broadening  one  must 
demand  the  fulfilment  of  the  following  inequalities  for  the  reactor  dimensions  /  and  the  total 
concentration  of  nuclei  n  : 


l»-^SkT  /Mc^ 

Ao), 


(14) 


n  «(  A(0^  /  ca)  4Mc ^  /  'ikT  (15) 

(cr  being  the  collision  cross  section)  [12-14]. 

The  second  order  Doppler  broadening  must  be  much  smaller  than  the  homogeneous  line 
width  Aco^: 


2co(kT  / Mc^)  «Ao}q 


(16) 


'’W 


I  4 


Actually  the  Doppler  broadening  may  be  caused  by  random  velocities  gained  by  the  nuclei 
during  the  pumping  (besides  the  influence  of  the  thermal  motion).  For  instance,  the  non¬ 
coherent  X-ray  pumping  with  the  photon  frequency  cOp  causes  additional  effective 
"temperature"  [12] 


I  Me"  <kT 


(17) 


External  two-photon  ignition  of  the  nuclear  emission  of  giant  gamma-ray  pulses 

Thus  external  ignition  of  two-quanta  radiative  process  stimulated  by  the  counter 
propagating  photon  beams  triggers  the  common  emission  of  the  giant  pulse  into  wanted  mode 
by  all  the  nuclei  with  different  random  velocities  due  to  arising  of  intrinsic  dynamic  non-linear 
distributed  feedback  without  any  reflecting  structures.  Resulting  efficiency  of  the  emission 
process  on  the  whole  may  be  veiy  various  depending  on  the  competition  of  the  positive  effect 
of  eliminating  the  Doppler  line-broadening  and  the  negative  influence  of  turning  to  the  second 
order  transition. 

It  should  be  pointed  out  that  unfortunately  all  the  known  today  gamma-ray  sources  are  not 
up  to  the  mark  in  the  respect  of  the  needed  value  of  the  igniting  beam  intensity  even  in  the 
case  of  hypothetical  “lucky”  nucleus  that,  of  course,  might  not  exist  at  all.  Therefore  this 
method  may  be  useful  only  to  emit  the  giant  burst  of  gamma-quanta  by  the  final  stage  of  some 
amplifying  chain,  for  instance,  in  series  with  X-ray  or  gamma-ray  laser,  relativistic  undulator  or 
free-electron  laser  and  so  on.  The  new  alternative  approach  of  solving  the  problem  of  igniting 
source  of  noncoherent  X-rays  is  discussed  in  Chapter  IV. 


) 
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EDE.  Igniting  the  burst-like  annihilation  by  external  soft  photons 

[Appendix  5] 

Triggering  stimulated  annihilation  of  relativistic  electrons  and  positrons  or 

parapositronium  atoms 


Antimatter  is  the  perfect  source  of  states  with  negative  temperature  [18],  One-photon 
radiative  annihilation  of  free  particles  is  completely  forbidden,  that  manifests  an  important 
contributory  factor  for  applying  the  two-photon  ignition  method  described  above  to  emit  the 
giant  pulse  of  annihilation  radiation.  However  in  contrast  with  the  previous  nuclear  case  the 
elimination  of  particle-motion  effect  on  the  efficiency  of  stimulated  annihilation  is  not  attainable 
because  of  the  complete  disappearance  of  both  emitting  particles. 

The  smallness  of  the  particle  masses  m  leads  to  another  positive  point:  it  is  possible  to  lower 
the  requirements  to  the  igniting  photon  source  making  use  of  relativistic  motion  of  small-mass 
particles  to  transform  the  photon  frequency,  beam  divergence  and  beam  density  [19].  In  fact, 
the  resonance  condition  for  stimulating  of  one  step  of  two-photon  transition  by  soft  photons 
can  be  carried  out  due  to  Doppler  effect,  if  electrons  and  positrons  or  parapositronium  atoms 
[20]  move  along  a  coincident  trajectories  with  the  energy  per  particle  me  y,  where  y  satisfies 

-If"  (18) 


and  one  of  two  counter  propagating  beams  of  igniting  photons  with  the  frequency  co.^  is 
directed  opposite  to  the  moving  particles.  For  instance,  the  particle  energy  should  be  equal  to 

mey  ~  260  MeV  (y  ~  500)  when  h(Djg„  =  .5  keV. 

Simultaneously  the  beam  density  of  photons  acting  in  the  igniting  process  in  the  co-ordinate 
system  travelling  with  the  particles  increases  mc^  /  »  1000  times.  Besides  this  almost 

all  the  radiation  from  the  isotropic  igniting  source  is  collected  into  the  wave-vector  cone  with 
the  solid  angle 


Af2«  (19) 

around  the  longitudinal  axis  of  the  same  travelling  co-ordinate  system,  that  is  for  the  same 
example  into  AT2~  4.10"  steradians.  This  means,  for  instance,  that  the  high-temperature  laser 
plasma  with  X-ray  brightness  10  photon/cm  s.steradian  in  the  frequency  band  Aa>/Gf=l0~ 
[21]  builds  up  in  the  particle  co-ordinate  system  (^^500)  the  narrow  beam  of  brightness  equal 
to  10  photon/cm  .s.steradian.  -  ^ 

Of  course,  only  one  step  of  two-photon  annihilation  transition  deals  with  all  these  positive 
factors.  To  stimulate  the  second  step  the  photon  energy  of  counter  propagating  external 
igniting  beam  must  reach  the  enormous  value  equal  to 


i5 


(20) 


=  ncol„[y + ir"  - 


(in  discussed  case  (o\„=  10^  and  hco^^^-.S  GeV).But  fortunately  in  fact  there  might  be 

no  need  in  the  second  external  igniting  source  because  the  exactly  fitting  photon  beam  arises  in 
the  moving  electron-positron  medium  due  to  spontaneous-stimulated  radiative  annihilation 
caused  by  first  igniting  beam  [19],  In  such  radiative  transition  external  field  induces  only  one 
step,  whereas  the  second  photon  is  emitted  spontaneously.  But  these  spontaneous  photons  are 

emitted  into  narrow  fi-equency  band  around  the  mc^  !  fi  and  narrow  wave- vector  cone 
around  the  longitudinal  axis  opposite  to  the  first  igniting  beam  according  to  the  laws  of  energy 
and  momentum  conservation  [19],  They  play  the  role  of  the  second  counter  propagating 
igniting  beam.  Of  course,  its  intensity  is  much  smaller  than  that  of  the  first  one.  This  increases 
the  ignition  asymmetry  and  consequently  deepens  the  nonlinearity  of  the  whole  process,  but 
does  not  eliminate  the  possibility  of  the  giant-pulse  emission. 


Unilateral  emission  of  GeV-photon  giant  pulse 

The  frequencies  of  emitted  annihilation  photons  coincide,  of  course,  with  the  igniting  ones. 
So 

o^out  =  =  /  y+(  » o>ou,  =  (21) 

and  consequently  the  energy  net  output 

P  =  t><a^i,=[rHy-\Y^fp'  (22) 

is  strongly  asymmetric  in  spite  of  the  equality  of  photon  net  output  1=1*.  This  means  that 
almost  the  whole  energy  of  gamma-ray  giant  pulse  is  emitted  unilaterally  in  the  direction  of 
relativistic  particle  motion. 


Triggering  stimulated  three-quanta  annihilation 


Triggering  the  burst-like  radiative  annihilation  is  attainable  also  by  ignition  of  three-quanta 
stimulated  process  in  the  relativistic  electron-positron  beams  or  in  the  beam  of 
orthopositronium  atoms.  The  conditions  are  almost  similar  to  mentioned  above  ones.  Emission 
of  two  photons  of  summary  energy  equals  in  travelling  coordinate  system  to  the  particle  rest 
energy  and  with  coinciding  wave-vectors  is  induced  by  an  external  photon  flux  with 
relativistically  shifted  Doppler  frequency.  According  to  the  laws  of  energy  and  momentum 
conservation  the  third  photon  of  the  same  energy  is  emitted  strictly  in  the  opposite  direction. 

Strongly  non-linear  three-quanta  amplification  of  the  counter  propagating  photon  beams  of 
different  fi-equencies  sets  up  just  like  in  the  previous  two-photon  case.  Integration  of  pertinent 
system  of  stationary  equations  shows  the  ambiguous  dependence  of  net  output  on  the  activity 
parameter  including  the  concentration  of  inverted  states  and  the  amplification  length. 


Just  like  the  two-photon  case  this  leads  to  the  setting  up  of  the  non-linear  mirrorless 
feedback  between  counter  propagating  photon  fluxes  of  different  fi-equencies  and  to  the  burst¬ 
like  emission  of  giant  gamma-pulse,  when  the  activity  parameter  come  to  the  critical  value. 
This  critical  value  increases  when  the  ignition  asymmetry  grows,  but  only  in  logarithmic  slow 
manner.  It  is  of  importance  taking  into  account  that  igniting  emission  of  photons  with  the 
energy  equal  to  the  particle  rest  energy  is  carried  out  by  weak  photon^flux  of  spontaneous- 
stimulated  origin. 

It  should  be  noted  that  the  requirements  for  the  particle-beam  energy  in  three-photon  case 
are  twice  as  lower  compared  to  the  two  photon  process. 
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IV.  Efficient  pumping  and  igniting  source  of  noncoherent  X-rays  [Appendix  2,3] 

There  is  no  chance  to  actualise  any  of  considered  scenarios  without  using  veiy  eflhcient 
pumping  or  igniting  source  of  noncoherent  X-rays.  So  we  explore  the  feasibility  of 
constructing  such  source  based  on  the  known  process  of  frequency  up-conversion  of  soft 
photons  by  scattering  on  relativistic  free  electrons  replacing  the  latter  by  relativistic  beam  of 
oscillators  being  in  resonance  with  the  incident  photons  in  the  co-moving  co-ordinate  system. 
This  results  in  changing  the  very  small  Thomson’s  scattering  cross-section  by  a  resonance  one 
and  may  lead  to  significant  rising  the  efficiency  of  the  whole  process. 

To  create  the  relativistic  beam  of  oscillators  the  accelerated  electrons  should  be  thrown 
through  the  nonuniform  transverse  magnetic  field  formed,  for  instance,  by  two  parallel  currents 
(one  use  two  parallel  superconducting  wires  ). 

The  calculation  [Appendix  2,3]  shows  that  the  efficiency  of  such  resonance  process  is 
approx.  10^  time  higher  than  in  the  usual  Thomson’s  case.  The  expected  brightness  may 
exceed  that  of  synchrotron  sources  by  orders  of  magnitude  and  typically  reaches  in  nanometer 
range  the  figures  10^®  -  10^^  photons  per  cm.sec.sterad  per  unit  of  relative  bandwidth. 

Experimental  tests  of  this  device  would  be  of  practical  interest  not  only  for  solving  the 
Gamma-ray  lasing  problem  but  for  numerous  various  scientific  and  technological  applications. 


V.  Further  R&D  (proposals) 


1.  Development  of  experimental  set-up  for  elaboration  and  test  of  an  efficient  X-ray 
source  based  on  put  forward  concept  of  frequency  up-conversion  of  an  electromagnetic  wave 
spontaneously  scattered  by  the  relativistic  beam  of  resonant  oscillators.  This  source  emitting 
the  intense  beam  of  hard  photons  with  extremely  high  brightness  into  small  solid  angle  would 
be  useful  in  many  diverse  branches  of  modem  science  and  technology  including  the  Gamma- 
ray  lasing  problem. 

2.  Accomplishment  of  set  of  experiments  aimed  at  observation  and  investigation  of  two- 
quanta  stimulated  emission  of  a  giant  light-pulse  ignited  in  the  metastable  excited  atoms  by 
counter  propagating  external  beams  of  resonant  photons.  These  experiments  should  serve  for 
modelling  by  the  atom  transitions  in  the  optical  range  the  concept  (put  forward  and 
theoretically  studied  in  this  Project )  of  two-quanta  Gamma-ray  lasing  in  metastable  isomers 
(or  even  in  nuclei  with  completely  forbidden  one-quanta  radiative  transitions),  and  especially 
for  investigation  of  the  complicated  non-linear  generation  behaviour  of  such  scheme  with 
predicted  bistability,  emission  jumps,  and  mirrorless  dynamic  feedback.  The  eventual  results  are 
of  importance  for  laser  physics  in  general. 

3.  Elaboration  of  the  computer  program  for  search  of  the  optimal  nuclear  candidate  for  first 
experiment  on  Gamma-ray  lasing  based  on  proposed  scenarios  and  by  means  of  the  Table  of 
Isotopes  (for  instance,  the  Tables  edited  by  R.B.Firestone  and  V.S. Shirley  from  LBNL,  Eighth 
Edition). 

4.  Experimental  development  of  methods  of  preparing  the  deeply  monokinetized  (“cooled”) 

fibber-like  nuclear  ensembles  (atoms  and  ions  in  traps  and  beams)  based  on  modem 

achievements  of  the  particle  beam  optics  and  optical  laser  assisted  particle  manipulation 
technique. 

5.  Elaboration  of  the  draft  Project  of  first  laboratory  set-up  for  testing  the  schemes  and 
scenarios  of  Gamma-ray  lasing  experiment  based  on  free  nuclei  concept  studied  in  this  Project. 


*** 

And  finally  we  would  like  to  draw  attention  to  important  side  of  the  nuclear  lasing  problem, 
namely,  the  opportunity  of  power  production.  This  was  pointed  out  yet  in  the  early  proposals 
of  1961  [4].  The  notion  that  the  gamma-ray  lasing  is  in  effect  the  nuclear  chain  reaction  was 
reflected  by  the  title  of  probably  the  very  first  research  report  on  the  problem  “On  the 
Possibility  of  Realisation  of  Chain  Reaction  of  Induced  Radiative  Transitions  of  Excited 
Nuclei”  (1961)  (Figure  2,  also  see  Reference  [5]  in  [22]).  Energy  stored  in  the  metastable 
isomers  makes  approximately  the  quantity  of  50  MJ/g-  This  is  two  orders  of  magnitude  lower 
than  the  energy  store  of  fission  fuel,  but  three  orders  of  magnitude  higher  than  that  of  chemical 
one.  The  merits  and  demerits  of  such  intermediate  position  define  the  place  of  gamma-ray 
nuclear  chain  reaction  in  the  power  production  hierarchy.  The  main  and  decisive  arguments  in 
their  favour  are  of  course  the  ecological  ones:  gamma-ray  lasing  does  not  leave  the  long  living 
radioactive  waste. 
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Abstract — ^The  method  of  external  ignition  of  stimulated  two-quantum  gamma  emission  of  free  excited  nuclei 
by  counterpropagating  photon  beams  is  considered.  In  contrast  to  one-quantum  gamma  emission  of  an  ensem¬ 
ble  of  nuclei  with  a  Doppler-broadened  gain  line,  in  the  case  under  consideration,  virtually  all  nuclei,  regard¬ 
less  of  their  random  individual  velocities,  are  involved  in  the  emission  of  gamma  quanta  into  a  selected  mode. 
A  specific  dynamic  distributed  feedback,  which  is  characteristic  of  stimulated  two-quantum  emission  only  and 
which  is  established  without  any  reflective  structures,  is  revealed.  Because  of  the  nonlinearity  of  the  feedback, 
with  a  coefficient  proportional  to  the  intensity  of  the  photon  beam,  excitation  of  nuclei  is  removed  in  an  ava¬ 
lanche-like  manner,  which  is  accompanied  by  the  emission  of  a  giant  pulse  of  gamma  quanta. 


1.  INTRODUCTION 

Vain  attempts  to  design  a  gamma-ray  laser  using 
Mossbauer  phononless  transitions  in  nuclei  embedded 
in  a  matrix  of  a  solid,  which  have  been  undertaken  dur¬ 
ing  many  years  (e.g.,  see  [1-4]),  cause  us  to  think  of 
alternative  approaches  to  this  problem. 

In  fact,  the  reason  for  considering  the  possibility  of 
using  phononless  nuclear  transitions  is  associated  with 
the  fact  that  such  transitions  provide  an  opportunity  to 
increase  the  cross  section  of  stimulated  emission  by 
narrowing  the  line  width  of  spontaneous  emission  to  its 
limit  through  eliminating  the  influence  of  the  thermal 
motion  of  atoms.  In  this  context,  a  Mossbauer  line  with 
a  natural  radiative  width  can  be  considered  as  an  ideal¬ 
ized  situation  when  the  cross  section  of  stimulated 
emission  ceases  to  depend  on  the  matrix  element  of 
transition  and  reaches  its  maximum. 

It  is  unlikely  that  such  an  idealized  situation  can  be 
implemented  in  practice  both  because  of  various 
sources  of  inhomogeneous  broadening  of  nuclear  lines 
in  solids,  which  are  difficult  to  eliminate  in  operating 
lasers,  and  because  of  homogeneous  broadening  due  to 
the  presence  of  other,  parallel  to  radiative  transitions, 
channels  of  relaxation  of  excited  states  (primarily 
through  inner  conversion).  In  addition,  it  is  impossible 
to  implement  an  ideal  situation  because  the  width  of  the 
lower  laser  level  is  finite  if  this  level  does  not  coincide 
with  the  ground  state. 

Therefore,  in  order  to  increase  the  cross  section  of 
stimulated  emission,  we  should  search  for  the  methods 
to  achieve  the  maximum  narrowing  of  the  spontaneous 
emission  line  rather  than  seek  for  the  conditions  when 
a  phononless  Mossbauer  line  with  a  natural  width  can  be 
obtained.  Within  the  framework  of  such  an  approach, 
there  is  no  need  to  place  nuclei  in  a  matrix  of  a  solid, 
which  considerably  complicates  the  technique  [1-4]. 


This  brings  us  to  the  consideration  of  free  nuclei  in 
gases  and  beams  of  particles  [5-9]. 

The  main  source  of  line  broadening  that  is  to  be 
eliminated  in  such  a  situation  is  a  chaotic  motion  of 
nuclei  (including  thermal  motion).  Analysis  of  the 
required  narrowing  of  a  Doppler  line  corresponding  to 
a  one-photon  transition  [5-7]  by  ensuring  a  monoto- 
netic  motion  of  nuclei  in  the  longitudinal  direction  with 
respect  to  the  expected  direction  of  the  beam  of  gamma 
quanta  indicates  the  necessity  of  lowering  the  effective 
longitudinal  temperature  of  atoms  or  ions  down  to  a 
submicrokelvin  level,  which  seems  to  be  not  impossi¬ 
ble  to  date.  However,  there  exists  an  alternative  method 
that  makes  it  possible  to  eliminate  an  adverse  effect  of 
the  chaotic  motion  of  nuclei  [8,  9]  and  that  does  not 
imply  deep  cooling.  This  method  is  based  on  a  rich 
experience  of  sub-Doppler  two-quantum  spectroscopy. 

2.  TWO-QUANTUM  STIMULATED  EMISSION 
IN  COUNTERPROPAGATING  PHOTON  BEAMS 

As  it  follows  from  energy  and  momentum  conserva¬ 
tion  in  the  emission  of  two  photons  with  exactly  oppo¬ 
site  directions  of  wave  vectors,  the  photon  energies  ftcOj 
and  h(02  are  related  to  the  energy  Eq  =  ^cOq  of  the  quan¬ 
tum  transition  by  the  expression 

^(C0i4*0)2)  =  £o  +  ^5co(m/c) 
-(hh(af/{2Mc\ 

where  M  is  the  mass  of  the  emitter,  5(0  =  coi  -  <02  is  the 
frequency  detuning  of  counterpropagating  photons,  u  is 
the  projection  of  the  emitter  velocity  on  the  direction  of 
the  wave  vectors  of  the  first  photon,  and  c  is  the  speed 
of  light. 

Let  us  assume,  first,  that  the  homogeneous  line 
width  AcOo  of  the  laser  transition  is  negligibly  small 
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(AcOq  =  0).  Then,  as  can  be  seen  from  (1),  all  the  emit¬ 
ters  with  any  individual  velocities  (a  chaotic  spread  of 
these  velocities  causes  inhomogeneous  broadening)  are 
involved  in  the  process  of  emission  into  the  selected 
central  mode  only  when  the  frequencies  of  two  photons 
resulting  from  the  two-quantum  transition  exactly  coin¬ 
cide  with  each  other,  ooi  =  (O2  =  cOo/2,  i.e.,  8(0  =  0.  If 
8co  0,  only  a  part  of  emitters  having  the  velocity  u 
determined  by  (1)  contribute  to  the  emission  of  a  cer¬ 
tain  mode  with  cOi  i=^  (O2.  As  is  well  known,  these  simple 
facts,  which  can  be  reduced  to  the  compensation  for  the 
first-order  Doppler  frequency  shift  for  counteipropagat- 
ing  beams  of  photons  with  equal  frequencies,  provide  the 
basis  for  the  method  of  sub-Doppler  spectroscopy. 

Now,  if  we  take  into  account  that  the  homogeneous 
line  width  of  the  transition  AcOq  is  finite,  then  we  find 
from  (1)  that  emission  involving  virtually  all  emitters 
with  arbitrary  velocities  is  possible  not  only  for  the  cen¬ 
tral  mode  with  o)i  =  ©2  =  and  8©  =  0  but  also  for 
a  group  of  modes  with  8©  ^  0.  Each  mode  from  this 
group  has  a  homogeneous  line  width  A©o.  The  admis¬ 
sible  frequency  detuning  for  this  group  of  modes  is 
determined  by  the  requirement  that  the  difference  of 
sum  frequencies  of  emitted  photons  should  not  exceed 
the  homogeneous  line  width  of  the  transition. 


Thus,  the  above-described  approach  eliminates  an 
adverse  effect  of  a  nonmonokmetic  character  of  an 
ensemble  of  free  nuclei  without  a  deep  cooling  of  these 
nuclei.  Simultaneously,  as  will  be  demonstrated  below, 
this  approach  makes  it  possible  to  establish  an  effective 
feedback  within  the  gamma  range,  where  the  creation 
of  mirrors  or  some  other  reflective  structures  encoun¬ 
ters  considerable  difficulties. 


3.  AMPLMCATION 
OF  COUNTERPROPAGATING  BEAMS 
OF  GAMMA  QUANTA 

The  steady-state  amplification  of  counterpropagat- 
ing  beams  of  gamma  quanta  that  belong  to  one  of  N 
modes  (4)  in  the  considered  group  of  modes  with  flux 
densities  I  and  7*  [cm“^  s"^^]  within  the  spectral  band 
A©o  is  governed  by  the  equations 

dl/dz  =  P(n2  -  +  Y«2(/  + 


-dl*/dz  =  P(/X2-'^i)7/* +yn2(^* +11^) 


+  \iQan2- 


(6) 


(®l  +  ®2)™ax-(®l  +  “2)min^ACOo,  (2) 

where  the  extremal  values  of  frequencies  correspond  to 
the  maximum,  and  minimum,  values  of  the 
velocity  distribution  of  emitters  with  a  variance  Am  = 
Wmax  “  ^min'  Then,  in  accordance  with  (1),  the  admissible 
detuning  is  given  by 

|8©o|  =  A©o(c/Am),  (3) 

and  the  number  of  modes  in  such  a  group  is 

N  =  |8©o|/A©o  =  c/Au  >1.  (4) 

In  a  certain  sense,  the  detuning  8©o  in  (3)  can  be  con¬ 
sidered  as  a  specific  type  of  inhomogeneous  broaden¬ 
ing  that  does  not  exclude  the  overwhelming  majority  of 
emitters  from  the  interaction  with  the  field  of  each 
mode  from  this  group. 

Thus,  when  we  irradiate  an  inverted  ensemble  of 
nuclei  with  two  counterpropagating  igniting  photon 
beams  produced  by  an  external  source,  the  spectrum  of 
stimulated  emission  displays  a  maximum  with  a 
width  on  the  order  of  |8©ol  (3)  around  the  central  fre¬ 
quency  ©1  =  ©2  =  ©o/2  (with  an  accuracy  up  to  a  small 
shift  -ft(8©o)V(2Mc^),  which  is  due  to  the  recoil 
effect).  This  maximum  consists  of  N  modes  (4)  with  a 
homogeneous  width  A©o  each  and  represents  the  con¬ 
tribution  of  virtually  all  nuclei  with  all  possible  veloci¬ 
ties  of  chaotic  longitudinal  motion.  Beyond  the  limits 
of  the  frequency  range  determined  by  (3),  this  maxi¬ 
mum  is  observed  against  a  lower  intensity  background 
associated  with  emission  of  separate  groups  of  nuclei 
that  belong  to  different  parts  of  the  nuclear  velocity  dis¬ 
tribution. 


where  n2  and  rii  are  the  concentrations  of  nuclei  in  the 
upper  and  lower  levels  of  the  laser  transition,  respec¬ 
tively,  and  n  is  the  total  concentration  of  nuclei.  The 
first  terms  in  these  equations  describe  stimulated  two- 
quantum  emission  with  a  coefficient  p  [cm"^  s].  The  sec¬ 
ond  terms  take  into  account  spontaneous-stimulated 
emission  of  the  beams  with  flux  densities  I  and  7*  into 
the  considered  modes  with  a  coefficient  y  [cm^].  The 
third  terms  describe  purely  spontaneous  emission  into 
the  same  modes  with  a  coefficient  a  [s"*^].  The  last  term 
characterizes  the  total  loss  of  photons  from  the  mode 
with  a  scattering  cross  section  a  [cm^].  The  factors  \i  = 
Ml/4n  and  p^o  =  |LiA©o/©o  specify  the  fractions  of  pho¬ 
tons  emitted  into  a  solid  angle  AQ  that  covers  the 
modes  of  the  beams  7  and  7*  and  into  the  band  with  a 
homogeneous  width  A©o,  respectively.  The  longitudi¬ 
nal  coordinate  z  is  chosen  in  such  a  manner  that  z  =  0 
coincides  with  the  center  of  the  gain  region  of  length  L 
A  positive  gain  with  dlldz  >  0  and  -dl*ldz  >  0  is 
achieved  if 


P(n2-«i)77* 

>  (l/2)[an  -  yn2(  1  +  |i)](7  +  7*)  -  p-oOt'^2- 


(7) 


Hence,  if  the  intensities  of  the  igniting  photon  beams 
satisfy  the  equality  7  =  7*  =  7,  at  the  input  of  the  gain 
region,  we  find  the  following  threshold  condition  of 
ignition: 


an  -  Yn2o(l  +  M-) 


(8) 


Since  the  factor  |io  is  small,  we  omitted  the  last  term  in 
(7),  which  is  responsible  for  spontaneous  emission. 
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The  quantity  =  Kiq  -  in  (8)  stands  for  the  initial 
value  of  the  inverted  population,  and  ^20  is  the  concen¬ 
tration  of  excited  nuclei  in  the  upper  level  of  the  laser 
transition  in  the  absence  of  an  igniting  photon  beam. 

If  the  beam  intensities  I  and  I*  are  much  higher  than 

the  threshold  level  determined  by  (8),  so  that  II*  >  ll , 
inequality  (7)  becomes  so  strong  that  we  can  keep  only  the 
first  terms  in  (5)  and  (6).  Then,  we  have  d(I  +  I*)Idz  =  0 
and  I  + 1*  =  Ii  +  Ii  =  const,  where  Ii  is  the  intensity  of 
the  beams  I  and  I*  at  the  output  of  the  gain  region,  i.e., 
at  z  =  L/2  and  z  =  -L/2,  respectively.  Correspondingly, 
equation  (5)  is  reduced  to 

dl/dz  =  P(n2 -«])/(/; +  4-/),  (9) 

and  the  steady-state  inverted  population  difference  for 
the  laser  levels  is  given  by 


n2-n^ 


^0 

1 + II* /i]' 


(10) 


where  the  saturation  parameter  depends  on  the  specific 
configuration  of  levels  and  the  method  of  pumping. 


4.  DYNAMICS  OF  AMPLIFICATION 
IN  A  TWO-QUANTUM  PROCESS 

Integration  of  equation  (9)  with  allowance  for  the  sat¬ 
uration  of  excessive  population  (10)  yields  a  transcen¬ 
dental  equation  for  the  pure  output  intensity  1^  =  II-  Ij 
emerging  from  a  gain  region  of  length  L, 

Figure  1  displays  the  dependence  of  /^//^  on  the  prod¬ 
uct  ^n^IJi  found  from  this  equation,  with  the  squared 
ratio  (lillsf  taken  as  a  parameter  of  a  family  of  curves. 


The  specific  features  of  these  curves  are  the  lack  of  one- 
to-one  correspondence  and  a  hysteresis  character.  For  a 
sufficiently  high  ignition  intensity,  (/,//j)^  >  0.025,  the 
output  intensity  /^//j  displays  a  smooth  increase  with  a 
growth  in  ^n^JL.  Note  that  the  growth  rate  of  /jy//, 
becomes  greater  with  an  increase  in  7,//^. 

An  ambiguity  in  the  considered  curves  that  occurs  for 
a  low  intensity  of  the  igniting  photon  beam,  (7;//,)^  < 
0.025,  decreases  the  growth  rate  of  7^/7,  in  the  initial 
section  of  the  dependence.  As  the  argument  Pno7jL 
reaches  its  critical  value,  the  output  intensity  is 
switched  to  the  upper  branch  of  the  S-like  curve  in  an 
avalanche  manner.  This  process  is  accompanied  by  an 
abmpt  devastation  of  the  population  (obviously,  steady- 
state  solutions  do  not  describe  this  effect),  which  gives 
rise  to  the  emission  of  a  pulse  of  gamma  photons. 

When  Pn(/yL  decreases  and  approaches  unstable 
sections  of  the  curves,  shown  by  dashed  lines  in  Fig.  1, 
an  evolution  of  1^/1 1^  may  be  accompanied  by  a  hyster¬ 
esis  with  a  jump  downward. 

The  critical  value  of  the  product  (finoIsL)„  that  cor¬ 
responds  to  an  avalanche-like  jump  is  determined  by 
the  condition  d(Iff/Ij)ld(^nQl^)  =  With  allowance 
for  (11),  this  conffition  yields 


(pWo7,L)„ 

2 


1 

(If,/ IX +  1/1. 


(12) 


As  can  be  seen  from  this  relationship,  there  are  no  critical 
points  for  PnoV'  <  4  at  any  value  of  the  parameter  1^/1^. 
Provided  that  P^o//^  >  4,  critical  points  occur  for  suffi¬ 
ciently  small  /,//,.  Within  the  most  interesting  range  of 
large  avalanche-like  jumps,  where  (pno///)cr  ^  4,  we 
can  estimate  the  required  intensity  of  igniting  pulses 
assuming  that  (/jv//j)cr  ~  0  at  the  lower  starting  point  of 
the  jump, 

I/I,  =  2/(PV4)cr-  (13) 


Discontinuities  and  hysteresis  in  dependences 
shown  in  Fig.  1  are  due  to  the  dynamic  distributed  feed¬ 
back,  which  arises  in  induced  two-quantum  emission  in 
counterpropagating  photon  beams. 


5.  DYNAMIC  DISTRIBUTED  FEEDBACK 

One  of  the  most  complex  problems  that  arise  when 
we  analyze  the  possibility  of  creating  a  gamma-ray 
laser  is  associated  with  the  necessity  to  implement  pos¬ 
itive  feedback  for  electromagnetic  radiation  where  the 
energy  of  photons  exceeds  tens  of  kiloelectronvolts. 
Proposals  to  use  Bragg  reflection  in  single  crystals  for 
creating  mirrors  and  establishing  distributed  feedback 
[1-3, 10]  have  not  received  acceptance  thus  far. 

Within  the  framework  of  the  approach  under  consider¬ 
ation,  one  can  also  solve  the  problem  of  distributed  feed¬ 
back  because  such  a  feedback  is  inherent  in  stimulated 
two-quantum  emission  in  the  field  of  two  counterpropa¬ 
gating  beams  of  photons  with  equal  frequencies  [11]. 
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Such  counterpropagating  beams  produce  a  standing 
wave  in  the  amplification  region  (the  main  attribute  of 
a  feedback)  in  the  absence  of  any  mirrors  or  periodic 
scattering  structures.  Formation  of  such  a  standing 
wave  does  not  require  any  material  dynamic  grating. 

Indeed,  conventional  distributed  feedback  based  on 
a  stationary  periodic  scattering  structure  [1 1]  is  charac¬ 
terized  by  a  nonzero  coefficient  of  coupling  p  of  coun¬ 
terpropagating  waves.  This  coupling  coefficient  is 
defined  as  a  variation  in  the  photon  flux  density  dl*  in 
the  backward  wave  within  length  element  dz  divided  by 
the  flux  density  I  in  the  forward  wave, 

Idl* 

pdz  =  -—dz.  (14) 

/  dz 

In  an  induced  two-quantum  process  in  the  field  of  coun¬ 
terpropagating  waves,  the  photon  flux  density  in  the 
backward  wave  changes  in  each  event  of  stimulated 
emission.  Because  of  intrinsic  features  of  induced 
emission,  newly  created  photons  are  perfectly  phase- 
matched  and  are  emitted  into  an  appropriate  mode. 
Therefore,  according  to  (9),  the  nonlinear  coefficient  of 
dynamic  distributed  feedback  in  induced  two-photon 
emission  is  given  by 

P  =  Hni-n.W  (15) 

and  increases  proportionally  to  /*. 


6.  TRANSITION  PROBABILITIES 
AND  LINE  BROADENING 

The  probability  of  a  spontaneous-spontaneous  two- 
quantum  transition  accompanied  by  emission  of  one  of 
the  photons  within  the  spectral  interval  JcOj  near  the 
frequency  ©i  per  unit  time  is 

dW,,  =  W,J(cOj)rfco„  (16) 


where  =  'i2y  is  the  inverse  lifetime  of  a  nucleus  in 
the  upper  level  with  respect  to  a  two-quantum  radiative 
transition.  The  line  contour  of  the  frequency  distribu¬ 
tion  of  emitted  photons  y(o)i)  normalized  to  unity  is 
written  in  terms  of  an  integr^  over  all  admissible  fre¬ 
quencies  CO2  of  the  second  quantum  and  over  all  emis¬ 
sion  directions  of  both  quanta. 


/(«,)  = 

(271) 


X  g(a)o  -  ©1  -  (02)dQ,idQ.2do^2 


(17) 


d^^id^2’ 


Wq-O), 


The  Lorentz  function  g(©o  -  ©1  -  ©2)  in  (17)  with  a 
frequency  bandwidth  A©o,  which  is  equal  to  the  sum  of 
the  widths  of  the  upper  and  lower  levels,  takes  into 
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account  a  resonant  character  of  transition.  For  a  pair  of 
electrically  dipole  quanta  (£1,  £1)  with  frequencies  ©1 

and  ©2  and  polarization  vectors  and  (Cj ,  a2  = 

1,  2),  the  matrix  element  M12  is  given  by  the  sum  over 
intermediate  nuclear  states  with  energies  £„, 


(l|e^d|n)(n|e„d|2) 

E2-E„-h(Oi 


n 


^  (llCq  d|n)(w|e„^d|2)\ 

E2-E„-h(S)2  / 


(18) 


If  the  neighboring  intermediate  level  lies  between  the 
levels  involved  in  the  considered  2  — ►  1  transition  and 
has  an  energy  £^  =  ^©^  measured  relative  to  the  energy 
of  the  lower  level  1,  and  the  energy  separation  of  this 
level  from  the  center  of  the  energy  interval  correspond¬ 
ing  to  the  transition  under  consideration,  |£j  -  Eq/21  is 
much  greater  than  the  width  of  this  level,  then  the 
matrix  element  (18)  is  a  nonresonant  Mowly  varying 
function  within  the  frequency  band  centered  at  ©1  =  ©o/2 
whose  spectral  width  is  much  less  than  |©^  -  ©o/2|. 
Using  for  these  frequencies  the  estimate 


dQidQ2 


1(1)2  =  O)o-Ct)i 


3271^  1  (ea)'* 

3  J  E^(l-2E/Eof 


(19) 


we  derive 


dW,,  =  (Inf 


X 


0^q(^/^o) 

(l-2£/£o) 


2^©l, 


(20) 


where  Xq  is  the  wavelength  of  radiation  with  the  energy 
of  quanta  equal  to  the  energy  £0  of  transition  under  con¬ 
sideration,  oco  =  e^l{hc)  =  1/137  is  the  fine-structure 
constant,  and  ^  =  1.3  x  cm  is  the  radius  of  a 

nucleus  where  the  number  of  nucleons  is  equal  to  A. 
Correspondingly,  the  coefficient  a,  which  is  involved  in 
equations  (5)  and  (6)  and  which  describes  the  contribu¬ 
tion  of  spontaneous  emission  to  the  modes  of  counter- 
propagating  beams  with  frequencies  close  to  half  the 
transition  frequency,  is  given  by 


a  =  (271)^1 


ao(a/?io) 

- 2“0- 

(l-2£:/£o) 


(21) 


^  It  is  convenient  to  define  the  probability  of  stimu- 
lated-spontaneous  transitions  per  unit  time  with  the  use 

of  the  Einstein  relationship  A(©i)/£(©i)  =  ^©f  /(tcV) 
for  spectral  coefficients  of  spontaneous  emission,  A(©i), 


2M 


960 


RIVLIN,  ZADERNOVSKY 


and  stimulated  emission,  B(cOi).  Indeed,  according  to  (16), 
the  spectral  coefficient  A(cOi)  of  spontaneous  emission 
is  equal  to  Then,  using  the  Einstein  relation¬ 

ship,  we  can  derive  an  expression  for  the  probability  of 
stimulated-spontaneous  transitions  with  induced  emis¬ 
sion  of  photons  within  the  spectral  interval  d(Oi  near  the 
frequency  cOi  (corresponding  to  the  wavelength  A-j)  per 
unit  time. 


where  M  is  the  mass  of  the  nucleus  and  T  is  the  temper¬ 
ature  of  the  gas,  and  integrate  over  all  possible  velocity 
projections  of  the  nucleus.  This  procedure  yields  a 
Doppler-broadened  line  corresponding  to  the  fre¬ 
quency  distribution  of  emitted  photons. 

However,  we  should  note  that,  if  the  frequency 
detuning  8(D  between  counterpropagating  photon 
beams  is  not  very  large,  so  that 


dW,,  =  (^f/4)W„/((0.)/(a),)^C0„  (22) 


where  /(cOi)dcOi  is  the  flux  density  of  stimulating  pho¬ 
tons  within  the  considered  spectral  band.  Hence,  with 
the  use  of  estimate  (20),  we  can  find  an  expression  for 
the  constant  y,  which  is  involved  in  equations  (5)  and 
(6)  and  which  includes  the  contribution  of  stimulated- 
spontaneous  transitions  to  the  modes  of  counterpropa¬ 
gating  beams  with  frequencies  close  to  half  the  transi¬ 
tion  frequency  (Xj  ~  2Xo), 


y 


(2")| 


ao(a/Xo)'* 

(l-2E/Eof 


(23) 


-5  1/2 

|6cd|  <  |8cOo|  =  AcOqc/Au  =  A(Oq{Mc  /kT)  , 

(28) 

where  Au  =  is  the  variance  of  the  nuclear 

velocity  corresponding  to  the  distribution  function 
(27),  we  can  neglect  die  Doppler  term  5(Oulc  in  the 
argument  of  the  Lorentz  function  (26)  for  the  over¬ 
whelming  majority  of  the  emitters. 

Provided  that,  in  addition,  the  term  ^(8co)V(2Mc^)  in 
the  argument  of  the  function  (26),  which  describes  the 
recoil  effect  in  emission,  is  much  less  than  the  homoge¬ 
neous  width  AcOq  of  the  transition,  which  is  true  for  the 
detunings  that  satisfy  the  inequality 


The  probability  of  stimulated-stimulated  transitions 
with  induced  emission  of  photons  within  spectral  inter¬ 
vals  d(£>i  and  d(02  near  the  frequencies  cOj  and  (O2  per 
unit  time  is  given  by 

(24) 

X  g{(OQ  -  COi  -  C92)/(a)i)/*(C02)da3i  JCO2, 

where  I((Oi)d(Oi  and  /*(C02)JC02  are  the  flux  densities  of 
stimulating  photons.  Correspondingly,  the  constant  P 
of  stimulated  two-quantum  emission,  which  is  involved 
in  equations  (5)  and  (6),  is  written  as  (^.j  =  =  2Xq) 


alo^/AcoQ 

{l-2E/Eof 


(25) 


To  take  into  account  the  motion  of  emitters,  we 
should  include  the  Doppler  shift  of  the  frequencies  ©i 
and  ©2  ill  the  right-hand  side  of  (17).  In  particular,  the 
Lorentz  functions  should  be  replaced  by  the  distribu¬ 
tion  function 


^(coo  -  ft(5co) V(2Mc^)  +  8(0(m/c)  -  co,  -  (Oj),  (26) 

which  gives  the  relation  between  the  frequencies  of 
counterpropagating  quanta  emitted  by  a  nucleus  with 
the  velocity  projection  on  the  direction  of  emission  of 
the  first  quantum  equal  to  u.  Next,  we  should  multiply 
the  derived  expression  by  the  probability  that  the  veloc¬ 
ity  projection  of  a  nucleus  falls  within  the  interval  from 
utou  +  du. 


«  1/2 

|8©|  A©o(2McVftA©o)  ,  (29) 

we  can  neglect  this  term  as  well. 

Comparison  of  inequalities  (28)  and  (29)  shows 
that,  if  2kT  >  ^A©o,  which  is  usually  true  for  nuclear 
transitions,  the  Lorentz  function  (26)  for  a  moving 
nucleus  can  be  replaced  by  the  Lorentz  function  for  a 
motionless  nucleus.  Then,  the  integration  over  all  pos¬ 
sible  velocity  projections  u  is  reduced  to  the  integration 
of  F{u)  defined  by  (27),  which  yields  unity.  This 
implies  that  stimulated  emission  into  a  group  of  modes 
within  the  band  (28)  near  the  central  frequency  ©o/2 
involves  virtually  all  nuclei  in  the  gas.  As  a  result,  the 
spectrum  of  stimulated  emission  features  a  maximum 
with  a  width  on  the  order  of  |8©ol  =  A©oc/Aw  near  the 
central  frequency  ©o/2. 

Note  also  that,  for  the  overwhelming  majority  of 
nuclei  in  a  gas,  the  Doppler  shift  of  frequencies  of  emit¬ 
ted  quanta  should  not  exceed  the  frequency  separation 
from  the  neighboring  intermediate  level.  Otherwise,  in 
analyzing  the  motion  of  nuclei,  we  should  take  into 
account  resonant  denominators  in  the  matrix  element 
Afi2  (18),  and  the  estimate  (20)  and,  consequently,  for¬ 
mulas  (21),  (23),  and  (25)  become  inapplicable.  In 
addition,  what  is  even  more  important,  in  the  case  of  an 
exact  resonance,  stimulated  two-quantum  transitions 
do  not  offer  the  above-considered  advantages  any 
longer  because  such  transitions  occur  through  two 
sequential  cascade  single-quantum  transitions  2  — ►  s 
and  s  — ►  1.  Thus,  although  it  is  desirable  to  ensure  a 
small  denominator  in  the  expression  for  the  constant  p 
of  stimulated  two-quantum  emission  (25),  the  detuning 
from  the  exact  resonance  should  be  limited  by  a  value 
that  is  considerably  greater  than  half  the  Doppler  width 
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of  the  line  corresponding  to  a  single-quantum  cascade 
transition, 

>  2{kT/Mc^)\n2 

n  (30) 

=  1.2x10  (r/A). 

To  be  able  to  neglect  the  components  of  homogeneous 
broadening  due  to  a  finite  transit  time  and  collisions,  we 
should  require  that  the  inverse  transit  time  (A^)“^  of  nuclei 
through  the  amplification  region  and  the  inverse  time 
interval  between  collisions  should  be  small,  (A/)"^  AcOq- 
These  requirements  impose  restrictions  on  the  size  of 
the  amplification  region  and  the  total  concentration  of 
nuclei  n, 

1/2 

L  >  m/AcOo  =  (c/AcOo)(3ifcr/Mc  )  ,  (31) 

1/2 

n  Ac0o/(agw)  =  {^(£^o/ca^){Mc/^kT)  ,  (32) 

where  u  =  {3kTIM)^^^  is  the  root-mean-square  velocity 
of  the  thermal  motion  of  nuclei  and  Gg  is  the  gas-kinetic 
cross  section. 

Finally,  the  second-order  Doppler  broadening, 
which  is  inevitable  in  a  two-quantum  process,  should 
be  less  than  the  homogeneous  width, 

=  (HoikT/Mc^)  <  Acoo-  (33) 

Along  with  the  thermal  motion  of  nuclei,  Doppler 
broadening  may  be  due  to  the  scatter  in  velocities 
acquired  by  nuclei  in  the  process  of  laser  pumping  if  the 
time  is  too  short  for  the  thermalization  of  nuclei  to 
occur.  Specifically,  being  isotropically  pumped  with  an 
incoherent  source  of  gamma  photons  with  an  energy 
hcdp,  a  nucleus  acquires  a  momentum  ftco^/c  of  an 
absorbed  quantum.  The  maximum  possible  velocity 
difference  is  equal  to  twice  the  acquired  velocity, 
2c{h(OplMc^)y  which  gives  an  estimate  for  the  corre¬ 
sponding  effective  temperature: 

(34) 

7.  NUMERICAL  ESTIMATES 

In  this  section,  we  present  estimates  for  a  hypothet¬ 
ical  “fortunate”  nucleus  with  A  =  150  and  an  intermedi¬ 
ate  level  s  lying  between  the  levels  involved  in  the  laser 
transition  with  a  detuning  1 1  -  2EJEq\  =  2  x  10"^.  Then, 
at  r  =  300  K,  inequality  (30)  would  be  satisfied  even  if 
the  right-hand  side  of  this  equality  were  larger  by  a  factor 
of  ten.  For  such  a  detuning,  expressions  (23)  and  (25) 
give  the  following  estimate  for  the  constant  of  stimulated 
emission:  (3  =  (2.3  x  10^  cm^AcOo.  For  £o  =  10^  eV,  the 
constant  of  spontaneous-stimulated  emission  is  esti¬ 
mated  as  y  =  2.4  x  10"^^  cm^. 

In  accordance  with  (8),  the  threshold  spectral  flux 
density  of  igniting  photons  can  be  estimated  as  Iq/ A(Oq  = 
3  X  10^^  cm~^,  where  we  assumed  that  n2o  =  0.8n  and 


np  =  0.6n  and  took  into  account  that  the  scattering  of 
gamma  quanta  with  an  energy  of  about  50  keV  mainly 
occurs  through  photoionization  of  atoms  with  the  scat¬ 
tering  cross  section  a  =  6  x  10"^^  cm^. 

With  allowance  for  (13),  the  requirement  Ij  >  Iq  (8) 
yields  (/loL)^^  <3x10^^  cm~^.  This  inequality  can  be  sat¬ 
isfied,  for  example,  with  Hq  =  10^^  cm"^  and  L  =  2(X)  m. 
For  Gg  =  10"^^  cm^,  restrictions  (31)  and  (32)  give  L  > 
(2.2  X  10"^  cm  s“0/AcOo  and  n  <  (4.5  x  10^^  cm“^  s)Ag)q, 
These  inequalities  do  not  contradict  the  chosen  values 
of  the  inverted  population  no  (the  concentration  of 
nuclei  in  this  case  is  n  =  no/0.6  =  1.7  x  10^^  cm"^)  and 
the  size  L  of  the  amplification  region  if  the  emission 
bandwidth  meets  the  condition  AcOq  >10^  s"^  The 
restriction  (33)  on  the  magnitude  of  the  second-order 

Doppler  effect  is  reduced  to  the  inequality  Aco^^^  =  2  x 
10^  s"^  AcOq.  An  estimate  of  the  effective  heating  by 
pumping  in  accordance  with  (34)  yields  T  =  10  K, 
which  is  much  lower  than  the  temperature  of  the 
medium,  T  -  300  K. 

According  to  (13),  the  critical  spectral  density  of 
the  photon  flux  in  the  igniting  beams  is  estimated  as 
/,7Ao)o  =  4.3x10^8  cm-\ 

Finally,  let  us  compare  the  estimated  spectral  den¬ 
sity  of  the  photon  flux  in  the  igniting  beams  with  the 
capabilities  of  the  available  sources  of  gamma  radia¬ 
tion.  The  spectral  density  of  the  photon  flux  in  synchro¬ 
tron  radiation  (within  a  solid  angle  of  10“^  sr)  is  esti¬ 
mated  as  approximately  10  cm“^  [12],  which  is  many 
orders  of  magnitude  lower  than  the  required  value  of 
///AcOq.  Although  X-ray  lasers  ensure  a  higher  spectral 
density  of  the  photon  flux,  about  10^^  cm"^  [12],  such  a 
spectral  density  of  the  photon  flux  is  lower  than  the 
required  one  by  three  orders  of  magnitude.  In  addition, 
the  pulse  duration  of  radiation  produced  by  X-ray 
lasers  is  not  sufficient  to  ensure  ignition. 

8.  STIMULATION  OF  GAMMA  EMISSION 
FROM  NUCLEI  AS  A  METHOD 
OF  ECOLOGICALLY  SAFE  POWER 
PRODUCTION 

The  horizons  of  using  stimulated  radiative  processes 
in  nuclei  for  power  production  were  discussed  already 
in  the  pioneering  proposals  on  gamma-ray  lasers.  Spe¬ 
cifically,  creating  a  nuclear  reactor  that  can  be  used  as 
a  source  of  energy  both  in  the  pulse  and  continuous 
regimes  was  indicated  as  one  of  the  main  applications 
of  the  device  proposed  in  [13]. 

In  fact,  operation  of  a  gamma-ray  laser  is  one  of  the 
modifications  of  nuclear  reactions,  namely,  a  chain  reac¬ 
tion  of  induced  transitions  in  excited  nuclei.  This  circum¬ 
stance  was  highlighted  in  the  title  of  the  first  technical 
report  on  this  problem  (see  reference  [5]  in  [14]). 

The  energy  accumulated  by  excited  states  of  iso¬ 
meric  nuclei  is  about  50  MJ/g  (see  table),  which  is 
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Table 


Isomer 

4,Nb^3m 

47Ag*“'" 

72Hf'’3'” 

75Re^^^^ 

77lr*®2m 

Lifetime,  years 

13.6 

111 

1.2x103 

31 

1.2  X  10^3 

2x  105 

241 

3x10® 

Transition  energy,  keV 

30 

79 

75 

262 

Spin  of  the  initial  state 

1/2- 

6 

7 

9- 

9- 

Spin  of  the  final  state 

9IT 

1 

2- 

0+ 

u 

1- 

Multipolarity 

M4 

M5 

E5 

M8 

E8 

Energy  content,  MJ/g 

31 

70 

40 

120 

Time  of  transformation  of  a  prod¬ 
uct  into  a  stable  isotope 

0 

2.4  min 

27  h 

0 

8.1  h 

91  h 

74  days 

138  days 

approximately  two  orders  of  magnitude  lower  than  the 
specific  energy  content  of  nuclear  fuel  used  in  nuclear 
fission  and  three  orders  of  magnitude  higher  than  the 
heat-producing  capability  of  hydrocarbon  chemical 
fuel.  Advantages  and  drawbacks  of  such  an  intermedi¬ 
ate  position  of  energy  released  in  gamma  emission 
determine  the  status  of  possible  gamma-laser  chain 
reaction  in  the  hierarchy  of  power  production.  The 
main  argument  in  favor  of  such  a  method  of  power  pro¬ 
duction  is  its  ecological  safety,  i.e.,  the  absence  of 
medium-  and  long-lived  radionuclides  in  the  products 
of  this  reaction  (see  table). 

Being  implemented  in  the  pulse-periodic  regime, 
the  above-considered  method  of  the  external  ignition  of 
a  stimulated  radiative  nuclear  reaction  holds  much 
promise  as  one  of  the  ways  to  solve  the  problem  of  eco¬ 
logically  safe  power  production. 

9.  CONCLUSION 

The  performed  analysis  reveals  the  main  advantages 
and  drawbacks  of  the  method  of  external  ignition  of 
stimulated  two-quantum  emission  from  free  excited 
nuclei  using  counterpropagating  photon  beams.  The 
advantages  and  drawbacks  of  this  technique  can  be 
summarized  as  follows: 

(1)  In  contrast  to  single-quantum  emission  in  an 
ensemble  of  nuclei  with  a  Doppler-broadened  gain  line, 
emission  of  gamma  quanta  into  a  selected  mode 
involves  virtudly  all  nuclei  regardless  of  their  individ¬ 
ual  velocities; 

(2)  A  specific  dynamic  distributed  feedback,  which 
is  characteristic  of  stimulated  two-quantum  emission  in 
counterpropagating  beams  only,  is  established  in  the 
absence  of  any  reflective  stmctures; 

(3)  Because  of  the  nonlinearity  of  the  feedback,  with 
a  coefficient  proportional  to  the  intensity  of  the  photon 
beam,  excitation  of  nuclei  is  removed  in  an  avalanche¬ 
like  manner,  which  is  accompanied  by  the  emission  of 
a  giant  pulse  of  gamma  quanta; 


(4)  At  present,  the  implementation  of  such  a  process 
is  impeded  by  the  absence  of  sources  of  igniting 
gamma  quanta  with  a  sufficient  intensity.  Therefore,  the 
advantages  of  the  proposed  technique  may  manifest 
themselves  only  in  designing  a  final  stage  of  a  source  of 
gamma  quanta  (e.g.,  in  an  X-ray  or  gamma-ray  laser, 
relativistic  undulator,  free-electron  laser,  etc.)  for  pro¬ 
ducing  a  short  pulse  of  gamma  photons  with  a  high 
peak  amplitude, 
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The  well  known  effect  of  enormous  frequency  Doppler  shift  arising  when  the  soft  photons 
are  scattered  by  relativistic  electrons  is  extremely  inefficient  because  of  very  small  value  of 
Thomson's  scattering  cross-section. 

Evidently  the  efficiency  can  be  raised  by  many  orders  of  magnitude  using  the  process  of 
resonance  scattering,  that  is  replacing  the  electrons  by  relativistic  beam  of  oscillators  with 
transition  energy  coinciding  in  the  co-moving  coordinate  system  with  the  energy  of  incident 
photons.  The  beam  of  positronium  atoms  is  a  very  first  example,  but  the  creation  of  such 
relativistic  beam  of  annihilating  neutral  atoms  with  sufficient  density  is  a  separate  and  very 
complicate  problem. 

We  narrowly  consider  an  alternative  eventual  experimental  scheme  based  on  existing  sources 
of  relativistic  electrons  which  possess  the  needed  resonance  properties  in  the  external  static 
electromagnetic  fields  and  discuss  all  the  set-up  details.  Rigorous  calculations  show  that  the 
gain  of  efficiency  in  comparison  with  the  case  of  Thomson's  scattering  is  more  than  10*”  while 
the  frequency  rises  from  GHz  range  up  to  the  X-rays. 

Persuasive  experimental  tests  of  proposed  set-up  would  be  of  practical  interest. 

This  study  was  supported  in  part  by  EOARD  Program  (Project  SPC-96-4033)  and  by 
Russian  Foundation  of  Basic  Research  (Grant  #  96-02- 17686a). 
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Abstract  We  analyse  Ihe  feasibility  of  a  high-efficiency  up-conversion  process  based  on  the  relativistic  Doppler  effect 
arising  due  to  the  scattering  the  incident  soft  photons  with  the  electron  beam  which  acquires  the  resonance  properties  m  the 
static  transverse  magnetic  field.  Estimates  predict  the  brightness  of  scattered  radiation  exceeding  that  of  synchrotron 
radiation  by  orders  of  magnitude. 


The  well  known  effect  of  enormous  frequency  Doppler  shift 

X02  =  M-tn, 

arising  when  the  soft  photons  are  scattered  by  free  relativistic  electrons  is  extremely  inefficient 
because  of  very  small  value  of  Thomson  scattering  cross-section  ax  =  6.65x10^  cm 
( E  =  mc\  being  the  electron  energy).  Even  too  optimistic  analysis  of  this  process  predicts  the 
quantum  yield  not  larger  than  ti=10*"  [1].  The  recent  experiments  in  Berkeley  National 
Laboratory  result  in  the  yield  figure  approx.  ti  =  10'*^  [2]. 

Evidently  the  efficiency  can  be  raised  by  many  orders  of  magnitude  using  the  process  of 
resonance  scattering,  that  is  replacing  the  free  electrons  by  relativistic  beam  of  oscillators  with 
the  transition  energy  coinciding  in  the  co-moving  coordinate  system  with  the  energy  of 
incident  photons.  The  beam  of  Positronium  atoms  is  a  very  first  example,  but  the  creation  of 
such  relativistic  neutral  and  unstable  (due  to  annihilation)  atoms  with  sufficient  density  is  a 
separate  and  very  complicated  problem  [3]. 

It  should  be  noted  that  electron  beam  of  an  usual  undulator  setup  is  not  applicable  for  the 
purpose  under  consideration  because  the  electron  behaviour  in  an  undulator  is  in  fact  the 
externally  forced  periodic  motion,  but  not  the  true  pendulum  oscillations  possessing  the  distinct 
resonance  frequency. 

We  discuss  an  alternative  eventual  experimental  scheme  based  on  existing  sources  of 
relativistic  electrons  which  acquire  the  needed  resonance  properties  in  the  external  static 
nonperiodic  magnetic  field.  Let  us  consider  (only  for  the  sake  of  simpUcity,  but  not  as  an 
optimized  example)  the  relativistic  electron  beam  propagating  along  the  z-axis  through  the 
transverse  magnetic  field  B  with  two  components 
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B4,«-Bopcos2$ 

Bp»-Bopsin2(j) 


r  =  Ap  and  (|)  being  the  polar  coordinates  of  the  cylindrical  system  (r,  ^  ,z)  .  This  field  is 
created  by  two  currents  J  parallel  to  each  other  and  to  the  electron  beam  and  divided  by 
spacing  2A  between  the  axises  of  the  round  rectilinear  conductors  of  radius  a  ;  p  =  0  is  the 
electron  beam  position  and  p  =  1,  <|)  =  ±  ;i/2  are  the  coordinates  of  the  conductor  axises; 

Bo  =  ’  Mo  =  471 X 10-^  Henry/m. 

Such  magnetic  field  creates  a  transverse  parabolic  potential  well  for  the  relativistic 
electrons.  So  the  initially  unbounded  electrons  convert  into  harmonic  oscillators  with  the 
resonance  frequency  equal  in  co-moving  system  to 


^ceB„„  a  l  +  a/2A 

1/2 

«0.14 

rB.„l  +  a/2A' 

m  A  A  1  +  a/A 

E  1  +  a/A  _ 

where 


Bp  A  l  +  a/A 
2  a  l  +  a/2A 


(3) 

(4) 


is  the  maximum  value  of  magnetic  field  in  Tesla  at  p  =  l  +  a/A,  ^  =  ±'^  ,  w  is  in  THz, 
a,  A  -  in  cm,  and  e  is  the  electron  charge. 

The  quantum  yield  of  photons  scattered  by  such  moving  oscillators  rises  in  comparison  to 
Thomson's  case  up  to 


r\  =  47icro  N/Aia,  (5) 

where  rp  =  2.8  x  lO  '^m  is  the  classical  electron  radius,  N  is  the  total  electron  number  per 
unit  area  of  the  beam  cross-section,  and 


Ara, « - tu 

2  Y 


(6) 


is  the  unhomogeneous  linewidth  proportional  to  the  relative  electron  energy  spread 


We  take  here  into  account  the  effects  of  Doppler  broadening,  the  slight  ellipsicity  of  the 
incident  wave  of  fi-equency  tij,  =  nj/ ,  an3  some  other  possible  sources  of  the  line 
broadening. 


Hence  the  quantum  yield  is  equal  to 


(7)' 


tl^^roX^NyV^Y  *  1.5x  lO^’X^NEy/Ay 


where 

X.2  =27tc/tij7^ 

is  the  wavelength  of  the  scattered  photons  in  nm,  N  is  in  cm  ^ ,  and  E  in  MeV. 


The  electron  efficiency  of  the  whole  up-conversion  process  defined  as  the  ratio  of  the 
scattered  photon  beam  power  to  the  electron  beam  power  is  equal  to 


k  = 


3mc^  Ay/y  Ay/y 


(9) 


where  the  intensity  of  the  incident  photon  beam  S  is  in  cm  ^  sec  and  the  acting  beam  length 
1  is  in  cm. 

The  scattered  beam  divergence  is  characterized  by  the  solid  angle 


An«7r7it 


(10) 


Hence  the  spectral  brightness  of  the  output  photon  beam 


(ATiJ,/tn)Af2 

is  sufficiently  high  and  typically  reaches  the  value  O  =  lO”  10^^  l/cm.sec.sterad.(^®^). 

These  figures  exceed  the  brightness  of  synchrotron  sources  by  orders  of  magnitude,  but  are 
rather  lower  than  the  brightness  of  the  X-ray  lasers.  Table  1  shows  some  quantitative 
examples  of  considered  up-conversion  process. 


Table  1 
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N 
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AQ 
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m 
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Persuasive  experimental  tests  of  this  process  would  be  of  practical  interest. 
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Appendix  3 


-  -  ^ 

HcnycKaHHC  hccctkiix  4>otohob  npH  cnoHraHHOiw  pacceamiH 

3JieKTpOIViarHHTHOH  BOJIHbl  Ha  peJlHTHBHCTCKHX  OCHHJIJlHTOpaX 

JI.A.Phbjihh 

1.  BneACHHe 

Mctoaw  renepHpoBaHHx  ajieicrpoMarHHTHoro  HSJiyHeHHH  bhcokoh  HHxeHHBHocTH 
noTOKaMH  cBo6oAHbix  3JieKTpoHOB,  nepcMemaiomHxcfl  b  MaKpocKonHnecKHX  ajieicrpHHecKHx 
H  MarHHTHbix  nojiax,  nojiyHHJiH  uinpoKoe  pacnpocTpanenHe  b  mhkpobojihobom  h  Aaxce 
HH4)paKpacHOM  AHanaaonax  (cm.,  nanpHMep,  [1]).  Bo3MO>KHOCTb  npoABHXceHHx  3thx 
mctoaob  b  6oJiee  KopoxKOBOAHOByio  HacTb  cneKxpa,  BnJiOTb  ao  peHTrenoBCKOH  o6.nacTH, 
ocHOBbiBaerca  na  HcnojibSOBaHHH  yjibTpapejurrHBHcrcKHX  aneicrpoHOB  h  AOcraxoMHO 
cHAbHbix  MaxHHXHbix  noJicH.  B  caMOM  ACAe,  xapaKxepHoe  aHanenHe  co6cxBeHHOH  nacxoxbi 
ta  KOAcGaHHH  SAe^pona  c  noAHoii  aHepraefi  E=mc"Y,  nepcMemaiomerocA  BAOAb 
BeKXopa  MaxHOTHoro  noAA  c  HHAyKAHefi  B  coBnaAaex  no  nopxAKy  BCAHHHHbi  (b 
conpoBOACAaiomeH  sjieiapoHbi  cncxeMe  KOopAHnax)  c  uHKAOxpoHHon  nacxoxoH 

TO  =  tAg  =  eB  /  m 

(1) 

(c  -cKopocxb  cBCTa,  e  -  aapAA  h  m  -  Macca  sAeKxpona).  B  peayAbxaxe  a^j^Jexxa  /(onnAepa 
Macxoxa,  HSAynaeMaa  xaxHM  SAeKxpoHOM  baoab  BCKxopa  ero  CKopocxn,  xpancnoHHpyexca  b 
na6opaxopHOH  cncxeMe  b 

„  =  ^y(l+  »  2— Y  «  0,7B£: 

^  m  V  ^  /  m 


(2) 

tab  b  HHCAeHHOM  pasencxBe  xAj  ®Tru,  B  bTa  n  £  bM3B.  OueHKanpn  fJ-lOFaB  n 
B  =  20  Ta  cocxaBAAer  «  4.10’  Tru,  hxo  oxBenaex  MAXKOMy  peHxrenoBCKOMy 
HSAynennK)  c  aahhoh  boahw  »  13,5  hm  h  snepmen  KBanxa  ^tijj  «  0,1  ksB  (Aanee  bo 
Bcex  MHCAeHHbix  Bbipaxcennax  b  xeKCxe  ncnoAbayroxcA  xe  xce  eAwnnubi,  a  r^MexpnMecKne 
pasMepbi  B  CM,  BO  Bcex  npHMepax  b  xexcxe  -  xe  xce  anaHeHna  £  n  B  ). 

B  axoM  cneKxpaAbHOM  Awanaaone  xpyAHO,  no-BHAHMOMy,  HaAeaxbca  na  aaMexHun  ycnex 
B  nocrpoeHHH  na  yxaaaHHbix  npHHunnax  a4)4)eKXHBHbix  caMOBoa6y)KAaK)iAHxca 
renepaxopoB  hah  ycHAmeAen  KorepeHXHbix  KOAe6aHHH,  Koxopwe  AaBHO  yxce 


3? 


4)yHKUHOHHpyiOT  B  MHKpOBOJlHOBOH  o6BaCTH.  CKOpeC  CJlCflyCT  o6paTHTb  BHHMaHHe  ka 
npoueccbi  cnoHTaHHoro  pacceaniw  4>otohob  na  ajieiapoHax,  HanpHMcp,  na  HsaaBHa 
H3BeCTHbm  cnoco6  noBbiuienHa  HacroTbi  bojihw,  OTpa5KeHHOH  ot  pejiflTHBHcrcKH 
flBH^cymerocB  aepKajia. 

KaK  H3BecTHO,  pacceHHHe  (J)otohob  Ha  yroji  n  BcrpenHbiM  nyHKOM  pejurrHBHcrcKHX 
3JieKTpOHOB  npHBOaHT  BCJieflCTBHC  34)4)eKTa  flonnJlCpa  K  nOBbllUeHHK)  MaCTOTbl  BTOpHHHOrO 

nyHKa  c  K034)4>nuMeHT0M  xpaHcnoHHpoBaHHa 

p  =  y'(l  +  Vl-Y')«4Y" 

(3) 


K  COJKaJieHHK),  KBaHTOBaa  34)4)eKTHBHOCTb  3TOrO  npouecca  HCKJHOHHreJlbHO  HH3Ka  H3-3a 
MaJlOCTH  TOMCOHOBCKOrO  CeHeHHH  pacceaHHH 

CTt  =(87c/3)ro  =  6,65.10'^’  cm 

(4) 

(ro  =  2,8.10  "cm  -  KjiaccHMecKHH  paflHyc  3JieicTpoHa).  flajKO  orrrHMHCTHHecKHe  ouchkh 

npeACKa3blBaK)T  KBaHTOByro  3(j)4jeKTHBHOCTb 


nopaflKa  =  lO  "  [2]  (  N-  ACHCTByiomee  mhcao  3AeKTpoHOB  na  eAHHHHHOM  nonepenHOM 
ceneHHH  nyMKa).  B  HCflaBHHx  BKcnepHMeHxax  b  BepKJiH  flocTHreyra  npH 

pacceaHHH  HacrycTKe,  coAep>KameM  okojio  10‘®  BJieicrpoHOB  c3HeprHeH  50M3B[3]. 

OneBHAHblM  Cn0C060M  nOBblUlCHHa  3^4)eKTHBHOCTH  peABTUBHCTCKOrO 

TpaHcnoHHpoBaHHH  MacTOTbi  HBaaerca  nepexoA  or  tomcohobckofo  pacceaHHa  Ha 
cBo6oAHbix  3JieKTpoHax  K  pacceaHHK)  na  ABH>KymHxca  ocuHJiJiaropax  c  aaMCHOH  Oj  Ha 
pesoHaHCHoe  ceneHHe,  paBHoe  b  flHnojibHOM  npH6jinxceHHH 

-  xnS)'  +  t0^(AT3o)'  ~  4(Tn - 


(6) 

FAC  Too  -  pesoHAHCHaa  HacTOTa  ocuHAJiaropa  h 


AtDq  =  (2ro  /  3c)t3o 


(7) 

ecrecTBeHHaji  paflHauHOHHaa  uinpuHa  jihhhh  ocuHjiJiaTopa.  Bhaho,  hto  b  pesoHance 
MO>KHO  6bUio  6bi  OMCHflaxb  noBbiuicHHH  ceHCHHa  pacceaHiw  Ha  mhofo  nopaflKOB: 

CTo/Gt  =(3A,/4ra-o)^ 


(8) 

(  A,  =  2%c  /  TD  ).  XoTB,  KaK  noKaaaHO  hh^cc,  Ha  caMOM  aejie  ctojib  rpaHAHOSHoe  noBbiuienHC 
34)4)eKTHBHOCTH  H  HC  AOCTH^HMO,  BCC  JKC  BblHIpblUI  HO  CpaBHCHHIO  C  TOMCOHOBCKHM 

cjiynaeM  oKasbiBaerca  Becbiwa  cymecxBeHHbiM. 

npOCreHUIHM  npHMepOM  OCUHAJWTOpOB,  npHroAHbix  H3-3a  MaAOH  Maccbi  AJW 
HCn0Ab30BaHHJI  B  KaHeCTBe  peABTHBHCTCKOrO  3epKaAa,  MO)KeT  CAyJKHTb  nyHOK  aXOMOB 

no3HxpoHHa  c  SHepxHeH  nepBoro  BoaGyacACHHoro  2p  cocxohhha  b  5,1  sB.  OAHaKO, 

HOAyHeHHe  AOCXaXOHHO  HHXenCHBHblX  peAJTTHBHCXCKHX  nyHKOB  HCHXpaJIbHblX  aXOMOB 
(Hecxa6HAbHbix  HS-aa  aHHHranaAHH)  npeAcxaBJiaex  caMocxoaxeAbnyio  h  onenb  Henpociyio 

aaAany  [4]. 

rioaXOMy  CACAyCX  COCpeAOXOHHXb  yCHAHA  Ha  ^^OpMHpOaaHHH  nyMKOB  CB06oAHblX 
SACICrpOHOB,  KOXOpbIM  HpHAaHbl  CBOHCXBB  KBa3HrapMOHHMeCKHX  OCUHAJWXOpOB 
nocpcACXBOM  noMemeHHB  bo  BHeiiiHHe  MaKpocKonHHCCKHe  SAeKxpoMarHHXHwe  nojia, 
HeAHHeHHaa  xeopHa  npoueccoB  KorepenxHoro  HSAyncHHa  pcjwxhbhcxckhx  3AeKxpoHHbix 
nyHKOB  B  xaKHX  noABx  ACxaAbHO  pa3pa6oxaHa  npHMCHHxeAbHO  k  hb  cahuikom  Goabiahm 
K03(|)4)HUHeHXaM  XpaHCnOHHpOBaHHA  p  H  nOCXpOCHO  MHOACeCXBO  yCneUIHO  ACHCXByiOIAHX 
ycrpoHCXB  (cm.,  nanpHMCp,  [1]).  paccMaxpHBacMbix  HeKorepenxHbix  npoueccoB  c 

p  » 1  AOCxaxoHHO  BOcnoAbaoBaxbca  npocxbiMH  oACHKaMH  b  AHHennoM  npHSAHaceHHH. 

B  ABAbHCHuieM  anaAHae  HcnoAbayroxca  abb  cHCxeMbi  KoopAwnax;  b  Aa6opaxopHOH 
CHCXeMC  L  BCe  BCAHHHHbl  nOMCHCHbl  HHACKCOM  L  ,  B  COnpOBOACAaiOIACH  3AeKXpOHbI 
CHCXCMC  Q  ,  ABHACymeiica  CO  CpeAHeil  CKOpOGXblO  SACICrpOHOB  cP  BCA^HHHbl  AHUICHbl 
CHCXCMHblX  HHABKCOB;  MaCXOXbl  nepBHHHOH  H  BXOpHHHOH  BOAH  B  CHCTBM  L  oGoSHaHCHbl 
tn,  H  tAj . 


3^ 


2.  KeaHTOBan  3^(|>eKTHBH0CTb  TpancnoHHpoBaHHn 
3jieicTpoHbi,  sanojiHsiomHe  yHacroK  BaaHMOfleiicTBHa  nynKa  c  eflHHHHHbiM  ceHCHHCM  h 
AJihhoh  1 ,  pacceHBaiOT  b  eAHHMuy  BpeMCHM 


I  =  aoSnl(ATDg  /  Atd,) 

(9) 

(J)OTOHOB.  3flecb  S/  AtiJ,  -  cneicrpajibHaa  njioxHOCTb  (|)otohob  nepBHHHoro  nyHKa  c  nojiHoii 
HHTeHCHBHOCTbK)  S  B  CnCKTpaJlbHOM  HHTCpBaJie  AtU,  ,  paBHOM  nOJIHOH  HeOAHOpOflHOH 
uiHpMHe  aMHHB  ocuHJuiaTopoB,  n  -  o6beMHaa  KOHuempauHa  aaeicTpoHOB.  SjieiopoH 
noABepraerca  o6jiyMeHHio  b  CHcreMC  Q  noroKOM  nepBHMHbix  (|)otohob  c  MacroroH 

TO  =  TO,.^  B  TeHCHHH  BpeMCHH 

At  =  lL/c  At  =  lL/c  At  =  lL  /crf-Jl-y~^ 


(10) 

UlHpHHa  TCKymero  cneicrpa  xaKoro  o6jiyHaiomero  HMnyabca  HSMeHaerca  bo  BpcMeHH  kbk 
ATO(t)~l/t  OT  6ecKOHeMHOH  (ho  c  HyjiCBOH  aMiuiHryAOH)  npH  t  =  0  Ao27i/At  npH 
t  =  At ;  oAHOBpeMCHHo  Bospacraer  aMnanryAa  uempajibHOH  cocraBJiaiomeH  cneicrpa 


f(t)«l,6(S/ATO,)[l  -ex  p(-t/At)] 


(11) 


EcaH  6bi  nepBHMHoe  HayneHHe  6biao  KBasHMOHOxpoMaxHMecKHM  c  uihphhoh  aHHHH, 
coBnaaaiomeH  c  Ato^,  h  HHreHCHBHOcrbio  SATOq/Ato,  to  npouecc  ycranoBaeMHa 
TCKymero  cneicrpa  (11)  Hamea  orpaaccHHe  b  croab  ace  nocrencHHOM  HapacranHH  cKopocTH 
pacceaHHa  I  or  nyaa  ao  acHMnroTHHecKKoro  HancHHa  (9).  IlpHMHHa  aroro  coctoht  b  tom, 
HTO  B  KaacAbiH  AaHHbiH  MOMCHT  t  c  aacicTpoHHbiM  ociiHaaaTopoM,  oGaaAaioiAHM  uihphhoh 
AHHHH  noraoiACHHa  Ato„  ,  BaHMOACHCTByex  anuib  cooTBercTByioiAaa  cocraBaaioiAaa  noaa 
nepBHMHoro  HsayncHHa  c  aMnamyAOH  (11). 

OAHaKO,  ecan 

ATO,At » 1 


(12) 

TO  naACHHC  TCKymeH  cneicrpaabHOH  haothocth  f(t)  b  noaoce  noraoiAenna  Aannoro 
ocuHaaaropa  KOMnencnpyerca  naaoaceHHCM  MHoacecTBa  KOMnoHenr  coccahhx  ynacTKOB 
TCKymero  cneicrpa  nepBHMHoro  HsayncHHa,  HTo'hoaBoaaer  c  AOcraTOHHOH  AOCTOBepnocrbio 
noabSOBaTbca  ajw  ouchok  acHMirroTHHecKoii  (fiopMyaoii  (9). 

TorAa  KBaHTOBaa  acji^ieicTHBHOCHTb  pacceanna  onpeAcaaerca  KaK 

ti  =  I/  S  =  (3/  27i)X?nl(ATOo  /  Ato,) 


Ona  ocraercji  HCHMeHHOH  npn  nepexoae  b  CHCTCMy  L ,  a  pojib  34)4)eKTHBHoro  ccHCHHa 
Hrpaer 

CT  =  T|/  nl  =  aT(3A,/47tro)^(AGiQ  /  Atn,) 

(14) 

TaKHM  oGpaaOM  HCTHHHWH  BklHipblUl  B  CeHCHHH  no  CpaBHCHHIO  C  TOMCOHOBCKHM 
SHaHCHHeM  (4)  cocraBjiaer  b  3tom  cjiynae,  kbk  OTMencHO  Bwme,  ne  (8),  a  BCjiHHHHy  b 
AtDg  /  AiDj  pa3  MeHbuiyio. 


3.  rapiwoHHHecKHC  KOJieSaHHfl  pejiHTHBHCxcKoro  3jieicrpoHa  b  MaKpocKonuHecKOM 
MarHHTHOM  nojie 


OGpamenne  ajicicrpoHa  c  uhkjiotpohhoh  nacroTOH  (1)  -  ne  eflHHCTBeHHbin  bomoxchhh 
npHMep  rapMOHHHecKoro  ocunjuiaropa.  CBoSoflHbin  pejiarHBHcrcKHn  ajieicrpoH  Moxcer 
Hrpaxb  3Ty  pojib,  ecjin  ero  flansKenne  bo  BHeuineM  nocrosHHOM  none  noflHHHaercfl 
npocTOMy  ypaBHeHHK)  MaarnnKa 


y  =  -tn"y 

(15) 

c  Bosapamaiomen  cHJioii  miij^  b  npaaon  Hacro  (y  -  nonepennoe  CMemenne  ajieicrpoHa  h3 
nojionceHHfl  paBHOBecna). 

Ctoht  noflHepKHyrb,  hto  nsBecTHwe  ycrponcTBa  xnna  OHayjiaropa  h  np.  (cm.,  nanpnMep, 
[1]),  B  KOTopbix  3JieKTpoH  Taicace  coBepmaer  KOJie6aHHH  b  nanpaBneHnn,  nonepennoM  k 
pejiaTHBHCTCKOH  CKopocTH,  Hc  OTBeHacT  nocTaBJiCHHOH  aaflaHC,  T.K.  ero  ypaBHenne 

nBHMceHHa  B  npocTpancTBeHHO  nepnoflHHecKOM  none  y  ~  cosQt  pannKanbHO  ornnHaerca 
OT  (15)  (Q-HacTora  BbinyacnaiomeH  cnnw,  o6paTHO  nponopunoHanbnaa 
npocrpaHCTBeHHOMy  nepnony  nona). 

IIpocTbiM  npHMepoM  peannsauHH  rapMOHnnecKoro  ocunnnaropa  aBnaerca  nsHncenHe 
sneKTpoHa  b  HeonHoponnoM  nonepennoM  MaranrHOM  none,  cosnanaeMOM  nsyMa 
napannenbHbiMH  xoKaMH  J,  TeicymHMH  no  npaMonHHeiiHbiM  npoBOAHHKaM  Kpyrnoro 
ceHenna  c  pannycoM  a ,  paaneneHHbix  npoMeacyrKOM  A  Mejxny  nx  ocaMn  (3to  oxHionb  ne 
onTHMnanpoBaHHaa  KOH(|)HrypauHa  BbiGpana  nnmb  n-aa  npocroTbi  pacnera  nona). 

MarHHTHaa  HHnyKuna  B  TaKoii  napw  tokob  pacnpenenena  sne  npoBOflHHKOB  b  nnocKocra 
unnHHApHHecKOH  KOopaHHaTHon  cncreMbi  (p,<|))  (npoBOAHHKH  pacnonoacenbi  napannenbno 
ocH  z ,  KOopAHHaTbi  Hx  ocoH  p  =  l  H<j)  =  ±7i/2)  cneAjnomHM  o6pa30M; 

B  =  -2B  a  l  +  a/2A  psin2<l) 

A  1  +  a/A  l+2p"cos2(j)+p'' 


(16) 

a  l4-a/2A  p(cos2(|)+p^) 

A  1  +  a/A  l+2p^cos2(|)+p'‘ 


B|  =  2B, 


a  l+a/2A _ p _ 

A  1  +  a/A  ^i+2p^cos2(t)+p'‘)^ 


(17) 


j' 


me  MaKCHManbHoe  anaHeHne  MarHHXHOH  HHflyKUHH 


(18) 


(19 


r+a/A 
2ral  +  a/2A 

AOCTHraerca  Ha  BHeuiHCH  noBcpxHOCTH  npoBOflHHKOB  npH  (t>  =  ±7i/2  Hp  =  l  +  a/  A 
(sflecb  Ho  =  471 X 10"’  r.M'*  H  p  -  paj^HajibHaa  KOopflHHara,  HopMHposaHHaa  Ha  A  ). 
B6jih3h  och  z,  rfle  p«l,  cnpaBeAJiHBO  jiHHeHHoe  npH6jiH»eHHe: 


«  al  +  a/2A 

B-  w  -2B„„ - psm2(^ 

"’“A  1  +  a/A 


_  __  a  1  "b  a  /  2A  _ , 

Bj,  w  -2B_„ - pcos2(^ 

♦  ““A  1  +  a/A 


(20) 

(21) 


3jieKTpoH.flBHraK)mHHCH  crporo  no  och  z  ,  HaxoflHxcai  b  nojioxceHHH  pasHOBecHa  b 
nonepcHHOM  nanpaBjicHHH  nocKOJibKy  B(p  =  0)  =  0  h  CHjia  Jlopenua  pasna  Hyjuo.  IIpH 
CMcmeHHH  or  OCH  z  paBHOBecHC  Hapyinaerca  h  b  KBaapanrax  7t/4<(j><37t/4  h 
-371  /4<^<-k/4  Ha  3JieKTpoH  flCHCTByer  CHHjia  JIopcHua  c  orpHuarejibHOH  pajinajibHOH 
cocraBJiaioiueH 

F,  =  -ce^l-y-%  »  2ceB.„  +-!^t^pcos2* 

(22) 

coBna^aiouteH  no  BHwy  c  BOSBpauiaioiHeH  chjioh  rapMOHHnecKoro  ocuHjuiaropa  (15), 
npHHCM  B  CJtyMae  BSaHMOflefiCTBHa  CO  CTOpOHHCH  JIHHeHHO  noaapH30BaHHOH  BOaHOH  c 
BCKTopoM  3jieKTpHHecKoro  nojw,  opHCHTHpoBaHHbiM  no  HanpaBjieHHK)  <|)  =  +71  /  2  ,  axa  CHJia 


MaKCHMaJIbHa. 

Jinn  oueHKH  coGctbchhoh  Hacxoxbi  ocuHJUiaxopa,  B03HHKaiomero  b  pe3yjibxaxe  fleilcxBHa 
yKa3aHHOH  CHjibi,  y;io6Hee  nepenxH  b  CHCxcMy  Q,  rae,  kohchho,  CHjia  Jlopenua 
oxcyxcTByex,  ho  MarHHTHaa  HHayKuna  B  nopoxcaaex  aacKipHnecKoe  nojie  E  c 
KOMnOHCHTaMH 

E.  =  -cB  yJl-y~^  «  2cB  y~  '  Psin2(j) 

♦  pry  r  A  1  +  a/A 


E  =  cB^yV1-Y'"  «  -2cB„„Y 
H  paanajibHbiM  rpaancHTOM  Ep  B6aH3H  och  z 


a 

A 


l+a/2A 

1+a/A 


pcos2(j) 


(23) 

(24) 


! 


l^p 

A  dp 


-2cB_„y 

max  i 


a.  l  +  a/2A 
A^  1  +  a/A 


cos2(j) 


(25) 

B  Hxore  coGcTBennaa  nacroxa  ocunanaxopa  OKaawaaexca  3aBHcameH  ox  yraa  HaKaona 
naocKocxH  Koae6aHHH  (|>  h  paBHa 


€ 


3^ 


'mA  dp 


,014(-B  E  a 


(3Ta 4)opMyjia fleficTBHTejibHa B  KBanpaHTax  %! A<^<2>%l A  h  -37t;/4 <(1)<-7i/4). 

B  pcsyjibTare  s^^^eicra  ^onnjiepa  BOJiHa.,  pacce^HHan  3thm  ocumiJurropoM  b 

nojio^HxejibHOM  HanpaBJieHHw  och  z  ,  npHo6peTaeT  b  cHcreMe  L  HacToxy 

r  ^3  a  l  +  a/2A  ..V'' 
tUj  « 2YtB «  0,56l -B„^E  -jj  cos2(l)J 


Tax,  132=1,3x10*  TFu,  »  1,4  hm,  «  0,9  ksB  npn  A=  0,1  cm,  (t)  =  7c/2  h 
a/A  =  0,8. 

HecMOTpa  na  bhahmoc  npeHMymecTBO  3toh  cxcmw  c  nonepcHHbiM  MarHHTHWM  nojicM 
no  CpaBHCHHlO  C  UHKJIOTpOHHOH  BepCHCH  B  OTHOUieHHH  flOCTHXCHMblX  3HeprHH  XCCCTKHX 
(j)OTOHOB,  cjicAyer  yKaaarb  na  ee  HCAOcraTOK,  saKjnonaiomHHca  b  BOSHHKHOBeHHH 
HecraGn^bHOCTH  TpaeicropHH  aneicrpoHOB  npn  hx  npoHHKHOBCHHH  b  KBaApanTw 
-7i/4<(t)<7c/4  H  37t/4<(|)<53:/4,  tab  nonepeHHwe  KOMnoHCHTbi  ajiCRTpHnecKoro 
nojw  (23,24)  aacraBJWiOT  aJicicrpoH  yAajwTbcJi  ot  och  z.  Hhmmh  cjiOBaMH,  nonepeHHbiii 
noTCHHHajibHbiH  pcjibc^)  B  CHCTCMC  Q  HMCCT  BHA  ccAJia.  /(jix  nonepcHHOH  CraGHJlHSaUHH 
xpaeKTopHH  B  3THX  KBaApaHxax  AOJixcHbi  6biTb  npHMeHCHbi  AonojiHHxenbHbie  Mcpbi 
(})OKyCHpOBKH,  HSBeCTHbie,  HanpHMCp,  B  TeXHHKC  yCKOpHTCJICH  HaCTHU  HJIH  HOHHbIX 
jioBymeK.  Taxoc  none,  noGyxcAaiomee  sjieicrpoHbi  k  cocpeAOTOHCHHK)  b6ahh  och  z  ,  moxcct 
6biTb,  B  nacTHOCTH,  cosAaHO  B  TCHCHHe  nacTH  OAHoro  H3  nojiynepHOAOB  paAnonacroTHbix 
KOJie6aHHH  B  nonoM  peaonaTope,  o6pa30BaHHOM  h3  KopoTK03aMKHyTbix  nojiyBOJiHOBbix 
OTpe3KOB  Kpyrjioro  BOJiHOBOAa  c  bojihoh  THna  TMoi  hjih  npaMoyrojibHoro  BOJiHOBOAa  c 
BOJiHOH  THna  TMii  (npn  npoAOJibHOM  nyHKC  aneiapoHOB)  h  rana  TEu  (npn  nonepcHHOM 
nyHKe).  IIpOAOJIXCHTeJlbHOCTb  XaKOH  HMnyjlbCHOH  (J)OKyCHpOBKH  MOXCeX  AOCXHXaXb, 

HanpHMcp,  50  nc  npn  nacxoxe  1  MTTu. 

4.  YuiHpeHHe  jihhhh 

.  B  nojiHoe  neoAHopoAHoe  yiiinpcHHe  ahhhh  Ata,  bhocjtt  cboh  BKJiaA  pasjiHHHue  xBJieHHx 
H  B  nepByio  onepeAb  HeAOCxaxoHHaa  MOHoaneprexHHHOCxb  3JieKxpoHHoro  nyHKa.  Pa36poc 
CKOpOCXefi  anCKXpOHOB  B  CHCXeMC  Q,  OXHCCeHHblH  K  C  H  BbipaXCeHHblH  Hepe3  UIHpHHy 
3HeprexHHecKoro  cnexxpa  Ay  ,  saAaHHyio  b  cHCxeMC  L,  paBCH 

AP  =  Ay  /y-v/l-y^  »  Ay  /y 

(28) 

CooxBexcxBCHHO  BKJiaA  JiHHCHHoro  3(i)4)eKxa  flonnjiepa  b  Ain^  cocxaBJinex 

AtUp  =  luAp  atuAy  /  y  ^ 

(29) 

CBcpx  xoro  KOHCHHOH  inHpHHOH  o6jiaAaex  h  cnexxp  pesoHancHbix  nacxox  ocAHJuiaxopoB  b 
MarHHXHOM  nojie  (20,21)  Hs-aa  pasGpoca  bbahhhh,  bxoaaiahx  b  (26); 

ACTr  _  AB^^  ^  Ay  ^  AA  ^  2+2a/A+(a/Ay  A(a/A)  ^ 
in  2B„^  2y  2A  2  +  3a/ A  +  (a/ A)"  2a/A 
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(30) 

3flecb,  no-BHflHMOMy,  rjiaeHbiH  Bitnafl  bhocht  orwTb  »ce  HeflocraTOMHas 
MOHOSHepreTHMHOCTb  3JieKTpoHHoro  nyHKa  no  cpaBHennio  c  HeroHHOcraMH  reoMcrpHH  h 
nocTOHHHoro  MarHHTHoro  noju,  a  raicace  c  oTicnoHCHHeM  or  nnHenHocTH  nojiapHsaunn 
nepBHHHOH  BOJIHbl,  Bbipa^aCMblM  BejIHHMHOM  Ai))  . 

B  HTore  npn  OTcyrcTBHH  Apyrax,  HeyHxeHHbix  SAecb  hctomhhkob  neoAHopoAHoro 
yinHpeHHB  ero  cyMMapnoe  SHaMeHne  ecrb 

Atn,  ^  AiiJu  +  AtiJji  ^  3Ay 
cj  tn  2y 

(31) 

KOTopoe,  no-BHAHMOMy,  BpaA  JiH  MoacHo  Ha  npaKTHKe  CAejiaxb  MCHbiue  10'^- lO"^ 

npexcAe  HCM  npoH3BecTH  AanbHeuiee  yroMHCHHe  KBanroBOH  3i})^eKTHBHOCTH  (13), 
HCOSXOAHMO  y6eAHTbCfl,  HTO  BOSMOMCHbie  MHOrOKpaTHbie  aKTbl  paCCeSHHH  Ha  OAHOM  H  TOM 
xce  3JieicTpoHe  He  npHBOAHx  k  napyiiienHio  npouecca  xpaHcnoHHpoBaHHa.  B  xaxcAOM  aicre 
pacceaHHa  ojieicrpoH  repaer  3HeprHio 


5E  =  2(;itij)Vmc' 

(32) 

FAC  3HeprHa  ^Jorona,  cocraBjiaer  b  CHcreMe  Q  BejiHMHHy  nopxAKa  0,1  3B,  h  5w  na 
MHoro  nopxAKOB  ycrynaer  npHnarou  Bbiuie  lunpHne  3HepreTHHecKoro  cneicrpa 
3JieKTpoHHoro  nyMKa.  IIooTOMy  toabko  nocjie  orpoMHoro  HHCAa  nocAeAOBaxeAbHbix  aieroB 
pacceHHMA  Ha  oahom  h  tom  xce  oneinpoHe  moxcho  oxcHAaTb  yxyAincHHa 
MOH03HepreTHMHOCTH  nyMKa.  3to  nosBOJiaer  npeHe6peMb  3thm  HBAenneM  npn  ouenKe 
KBaHTOBOH  34)4)eKTHBHOCTH  . 

B  HTore  KBaHTOBaa  34)4>eKTHBHOCTb  r|  (13),  Bbipaacennaa  nepes  aaGopaxopHbie 
xapaKTcpHCTHKH  3AeKTpoHHoro  nyMKa,  paBHa 


T|  = 


— 

2n  Atn, 


3ce  ^  ^  ^  Ay 


1,5x10''’XjNEy/Ay 


(33) 


FAC  N  =  nl  =  hl  1l  -  noAHoe  mhcao  aACKrpoHOB  b  ACHCTByiomeM  orpesKC  nyMKa  cahhhmhofo 
ceMCHHA  H  jt  -  nAOTHOCTb  TOKa  nyMKa  (A.CM  ).  CpaBHCHHe  c  (5)  Aaer  AOcraxoMHO 
OinyTHMblM  BbIHFpblUI 


Ti/-nT=(>-2/’tro)(YVAY) 


(34) 


KOTOpbiH  ocraerca  6oAbuiHM  BnAOTb  ao  acecTKOFO  peHTFeHOBCKOFO  AwanasoHa. 

3AeKTpoHHbiH  KTIfl  npo4ecca  moacho  bbccth  KaK  OTHomcHHe  moiahocth  btophmhofo 
HSAyMeHHa  k  moiahocth  nyMKa  OACiopoHOB 


ehTD^r\S  ^  leuftFolA  -,.6-;  10-34  IlA 
mc^  (y  - 1) Jl  3mc^ Ay  /  y  Ay  /y 


(35) 


Vo 


5.  nepBHMHblH  H  BTOpHHHblif  ^iOTOHHbie  nyHKH 


Ecjih  nocraBJicHa  sa^ana  nojiyMCHHJi  BTopHMHbix  4)otohob  c  MaKCHMajibHofi  aHepraefi  , 
TO  KaK  MarHHTHaH  HHflyK4HB  Bmax  ,  TaK  H  SHeprHfl  ajieicrpoHOB  E  TaKace  flOJi»cHbi  6brrb 
MaKCHMajIbHbl.  THnHMHbIMH  npCflejIbHblMH  SHanCHHaMH  CerOAHB  MO»CHO  npHHBTb 

Bmax  =  20  T;i,  flocTHTHyryio  c  HcnojibSOBaHHCM  cBcpxnpoBOflHHKOB  NbTi  h  Nbs  Sn  [5],  h 
y=  4x10'*  (nanpHMep,  HaKonHxejib  PETRA  [6]).  CjiCAOBarejibHO  aocth^mhmh 
npeAcraBJWiOTCH  K03(|)4)HUHeHTbi  xpaHcnoHHpoBaHtM  (3)  p,=  6xl0’  npH  nacroTe 

3AeicrpoHHbix  OCUHJIJWTOPOB  (28)  tD«  300Tru,  Hacroxe  nepBHHHOH  bojihh  tu,  «4rTu 
(  X,,  »  50  cm)  h  nacTOTe  BxopHHHoro  xpaHcnoHHpoBaHHoro  HSJiyMeHHa  tUj  *  2,2x1 0’  TTq 
(X,2  «0,09  HM,  »  15  k3B). 

^HHHOBOJiHOBoe  nepBHHHOC  H3JiyHeHHe  xpe6yex  npHMeneHHH  bojihoboaob,  hxo  bjichct 
3a  co6oh  HeKOxopoe  yxoMHCHHe  BbipaxccHHH  w=xB^^[ii  ww  nepBofi  cxyncHH 
AonnjiepoBCKoro  npeo6pa30BaHHx  Hacxoxbi 


X3 


=  to, Til 


1-Vi^ 


(36) 

Koxopoe  03HaHaex  Heo6xoAHMOCTb  HecKOJibKO  noBbiCHXb  Hacxoxy  nepBHHHoil  bojimw  ajib 
ycxanoBjiCHHB  peonaHca  c  ocuHJiJurropoM  (aj„  -KpHXHHecKaa  Hacxoxa  bojihoboab). 

B  peayjibxaxe  pejiaxHBHCxcKoro  npeo6pa30BaHi«i  HMiiyAbcoB  pacceaHHbix  4>oxohob  bcc 
BxopHHHoe  H3JiyHeHHe  cocpcAOxoneHO  b  Konyce  BOKpyr  Bcicxopa  npoAOJibHoii  CKopocxH 
3jieKxpoHOB  c  xejiecHbiM  yrjioM  npn  BepuiHHe 


AQl 

(37) 

HXO,  nanpHMep,  npw  y  =  2x10“*  cocxaBjwex  ADl  *  2x10'  cxepaA- 

TaxHM  o6pa30M  bbixoahoc  HBAyncHHe  npeACxaBJwex  co6oh  nyHOK  xcccxkhx  4>oxohob, 
conocraBHMbiH  c  AaaepHWM  no  MOHOxpoMaxHMHocxH  h  nanpaBJicHHOcxH  h  c  bmcokoh 
apKOCXbK) 

<I)l  =  TjS  /  (Axn,  /  tu^AOl 


(38) 

TnnHHHbie  3HaHeHna  «  10^’  -  10^*  cm*^  c'*  cxepaA'*  b  oxHocHxejibHOM  HHxepaajie 
qacxox  Atu^  /  =  lO''*  na  necKOJibKo  nopaAKOB  npeBocxoAJrr  apKocxb  CHHxpoxpoHHbix 

HCXOHHHKOB  (10^*  cm'^  c'*  cxepaA'*  ),  HO  no  MraoBCHHOH  apKocxne  ycxynaex  HMnyjibCHWM 
peHxreHOBCKHM  jiaaepaM  (10^“*  cm'^  c'*  cxepaA'*)  [7]  . 

HeKOxopoe  npeAcxaBjieHHe  o  B03M05KHbix  BapnaHxax  napaMexpoB  mo)kho  nojiynnxb  h3 
Ta6jiHqbi  1. 

B  3aKJiK)HeHHe  cxohx  o6paxHXb  BHHMaHHe-na  xo,  hxo  aHrapMOHH3M  pgjiaxHBHCxcKHx 
OCUHJlJUrrOpOB,  CBaaaHHblH,  B  naCTHOCXH,  C  HeJlHHCHHOCXbK)  KOOpAHHaXHbIX  aaBHCHMOCXeS 
(16,17),  OXKpblBaeX  BOBMOXCHOCXb  Ha6jIK)AeHHa  rapMOHHK  OCHOBHOH  HaCXOXbl. 


HacroaiAaa  pa6oTa  BbinojiHena  npn  nacxHHHOH  noAAepacKe  P<I»6H  (rpanx  M  96-02- 17686a) 
H  nporpaMMbi  EOARD  (npoexx  Jfe  SPC  -96-4033). 
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TABJIHUA  1 


^pKOCTb  flana  b  oTHocHTCjibHOH  nojioce  Hacrox  Aw/  ttJ  =  10^ 


^3 


HcnycKaHHe  acecxKHX  4>otohob  npH  cnoHranHOM  pacceaHHH  ajieKrpoiviarHHTHOH 
BOJIHbl  Ha  pejlHTHBHCTCKHX  OCUHJIJIflTOpaX 

JI.O.Phbjihh 


PesoHacHHH  npouecc  cnoHraHHoro  pacceaHHa  ^otohob  Ha  BcrpeHHOM  nyHKe 
pejIOTHBHCTCKHX  3JieKTpOHOB,  npH06peTaK)mHX  B  nOCTOSHHOM  MarHHTHOM  HOJie  CBOHCTBa 
rapMOHHMeCKHX  OCUHJIJlHTOpOB,  nopOJKflaCT  C  BbICOKOH  KBaHTOBOH  3$4)eKTHBHOCTbK) 
MOHOXpOMaTHHHblH,  HanpaBJieHHblH  H  HHTeHCHBHblH  HyHOK  JKCCTKHX  (|)OTOHOB  (TeOpHJI  H 
pacHer). 


Appendix  4 


-  i  \\ 

ycHJicHHC  cnoHxaHHoro  raMMa-H3JiyMeHHJi  b  oxjiasKAeHHOM 
nyMKe  n^ep  co  cKpbixoH  HHBepcHeii 

JI.A.Phbjihh 

OueHKa  MHHHMajibHoro  MHCJia  BoaGyacAeHHWX  aflep,  Heo6xoflHMoro 
HaAexcHoro  HaSjiraaeHHH  npouecca  ycHJieHHx  raMMa-HSJiyHeHHa  na  (jjoHe  cnoHraHHoro 
HcnycKaHHX,  oKasbiBaerca  fljia  nyHxa  CBoGoflHWX  aflep  co  CKpbixoH  HHBepcHeH,  neoacHflaHHO 

HH3KOH. 

1.  BBeflCHHe 

Oahh  h3  B03M0)KHbix  BapHaHTOB  3KcnepHMeHTajibHoro  ocymecTBaeHHa  aflepnoro 
raMMa-aa3epa  coctoht  b  Hcnoab30BaHHH  ycHaaBatomeii  cpeflbi  b  B»m  rayGoKO 
oxJiaacaeHHoro  nyHxa  a^ep  co  CKpwTOH  (cneicrpaabHO-aoKajibHOH)  HHBepcHeH  [1-5], 
riocaeflHaa  o6ycaoBaeHa  OTHOCHxeabHbiM  cMemeHweM  pesoHancHbix  aHHHH  HcnycxaHHa  h 
noraomcHHa  BcaeflcrsHe  OTAana  aApa,  conpoBoacAaiomea  aK36oH  paAaauHOHHbiH  npouecc  c 
yMacracM  AOCTaxoMHO  xcccxkhx  ^otohob,  a  yMeabuieHae  aeoAHopoAHoro  yinapenHa  bhhhh, 
o6ecneMHBaiomee  AOCxaxoMHbifi  K03(j)(l)HUHeHX  ycaaeaHa,  Aocxaraexca  rayGoKHM 
oxjia>KACHHeM  nyHKa. 

npH  aHaiiBSe  ciuibHWX  h  caaSbix  cropoH  aroro  noaxoaa  HawiexcuT  cocpeflOTOMuTb 
BHiiMaHHe  HMCHHO  Ha  HpoueccB  ycHaeHHH  nmoxa  raMwa-cjioTOHOB,  xaK  m  oanoM  h3  BHaoa 
caMonoaaepiKHBaKjmeHca  uennoS  aaepHOlt  peaKUHH,  b  npoTHBoBec  aauane  Ha6aH)AeHHa 
oraeabHbix  axroB  crrHMyjiHpoBaBHOro  raMMa-HcnycKaHBa  Ha  ypoBHe  CBera  eaBBBHHbTX 
4,0T0H0B  BHAyUHpOBaHHOrO  npOHCXOMeHBH.  nOCJlBAHBft  TBH  SKCnBpHMBBTOB  (BCBB  B  BX 
HBpcneici-HBe  He  oieBBAHa  B03MO*Hocrb  xoaHHecrBeHHoro  BapauiBBaHHH  s^cfeicia)  MO*eT 
npeaCTaBUTb  aBuib  MeroaBMecKBii  BHrepec,  noCKoabxy  ohb  chocoShu  aamb  noOTBepAmb 
npHMeHHMOCTb  o6mHX  saxoHOB  CTHMyanpoBaHHoro  HcnycKaHMH  x  aAepHWM  nepexOAaM, 
Hxo,  paayMeexca,  He  HyacAaexca  b  npoBepxe  onwxoM. 


2.  HaHMCHbuiee  hhcjio  BOsfiyacAeHHbix  HAep  b  Kanajie  ycHJicHHH 

OxcyrcxBHC  AOcrraxoHHO  34)4)eKXHBHbix  oxpaacaxejieH  He  no3Boaaex  HaAcaxbca  b 
o6o3phmom  GyAymeM  na  Bonaomenne  b  cyGnaHOMexpoBOM  AHanaaone  ajihh  Boan 
xpaAHUHOHHOH  aaaepHOH  cxeMbi  c  peBonaxopnofi  oGpaxnoii  cBH3bK).  AabxepnaxHBOH 


flBJiJjercH  ycHJiHTCJib  Gerymeii  bojimm  b  HaH6ojiee  npocxoH  BepcHH  ycHjieHHH  coGctbchhoVo 
cnoHxaHHoro 

Ba>KHo  oueHHXb  HaHMCHbuiee  hhcjio  B036y5KAeHHbix  HAep,  sanojiHJiiomHx 
npoxflxceHHbiH  KaHan  h  oSecneHHBaiomee  HaaeacHoe  HaGjiiofleHHe  34)4)eKxa  ycHjieHna 
^oxoHHoro  noxoKa. 

IlpeAcxaBJieHHe  o  paayMHOM  cooxHoiueHHH  nonepenHoro  pasMepa  (AHEMexpa)  D  h 
fljiHHbi  L  xaKoro  Kanana  moxcho  cocxaBHXb  h3  cjieayiomHx  npocxbix  cooGpaaccHHH. 
^H(j)(j)paKUHOHHbie  nOXepH  H3JiyHeHH5I  C  flJlHHOH  BOJIHbl  X  ,  OXHeCCHHbie  K  eflHHHpe  AJlHHbl 
KaHana,  oueHHBaroxcH  xaK 


(b  onxHHecKOM  AHanaaoHe  o6biMHO  «  10‘^cm'').  PaayMHO  noxpe6oBaxb,  Hxo6bi  3xa 
BCJiHHHHa  He  npefiocxoAHJia  K03(f»(J)HAHeHX  HeycxpaHHMbix  noxepb  ^JOxohob  b  BemecxBe 
KaHana  (Tj^n  ,  xac  C7l  cenenHe  noxepb  h  n  o6-beMHaa  KOHAenxpauHa  axoMOB,  x.e. 

«D<^Ln  • 

OxciOAa  cjieAyex  orpanHHeHHe  Awawexpa  Kanana  ycHJienHa 

D  >  ^2A.  /  (j^n 

KOxopbiH  oKasbiBaexcH  b  raMMa-AHanaaone  HCKjiioMHxejibHO  iwanbiM  no  a6cojiK)XHOMy 

3HaHeHHK).  Tax  D  ^  3.10'^cm  npH  X  =0,05  hm  h  =10  cm  V 

B  ycJioBHHx  Hec(l)opMHpoBaHHOH  peaoHaxopHOH  moah  (aepKana  oxcyxcxByrox) 
B03HHKaex  xpe6oBaHHe,  Hxo6bi  ^JOxoHHbin  nynoK  na  AJiHHe  L  He  bwxoahji  aa  npeAejibi 
ceHeHHH  Kanana 

L<DVA«2/a-Ln 

Hxo  He  HBJiaexca  cjihuikom  cxpoxHM  orpaHHneHHeM  ( L<  2.10^  cm  npn  O'Ln=10'^  cm'*). 
IIoaxoMy  o6T>eM  Kanajia 

Y  =  ;iD^L/4>^XL/2ai^n 

xaicace  HeBejiHK  Aaace  npn  aHaHHxejibHOH  AJiHHe  L  (nanpHMep,  V>5.10'^cm^  npn 


L=  100cm). 


CooTBercTBeHHO  nojiHoe  hhcjio  BOsGyaqieHHbix  wep  b  Kanajie 


N  =  „,v>5^ii 

2<Tl  n 

Moxcer  6biTb  He  cjihuikom  6ojibuiHM  flaxce  npH  ^tocraxcHHO  bwcokoh  hx  KOHueHTpapHH  (ajm 
Toro  xce  npHMepa  N  >  5.10^  npH  n2=10^^  cm^). 

3th  Ha  yflHBjiCHHe  hhskhc  oueHOHHbie  SHanenHa  ne  npe^icxaBjiaiOTca 
HCflocTHxcHMbiMH  B  CBexe  ycHexoB  coBpeMeHHOH  xexHHKH  rjiyGoKoro  oxjiaacAeHHa 
aHcaM6jieH  CBo6oaHbix  axoMOB  h  hohob.  Panee  yKasbiBajiocb  [1]  na  aaa  nyxH  nojtyHeHHa 
MOHOKHHexH3HpoBaHHbix  (pjiyGoKO  “oxjiaxcAeHHbix”)  nonyjiauHH  BosGyxcfleHHbix  aflep 
aasepHbiMH  MexoflaMH  axoMHofi  oitxhkh  h  b  ycKopcHHHX  HOHHbix  nyHKax.  B  CBasH  c 
nepBbiM  BapHaHxoM  yiMecxHO  yKaaaxb  na  yace  ^locxHrnyxbie  pesyabxaxbi  no  yAepacaHHio  b 
MarHHXHOH  aoByiHKe  N  =  10*  oxjiaacfleHHwx  axoMOB  aHxna  c  KOHueHxpauHeH  n  =  3.10’cm' 
^  [6]  H  uesHa  c  h  n=5.10”cM‘^  npn  xeMnepaxype  6mkK  [7]  ,  naGaioflCHHio  6o3e- 

3HHiiixeHHOBCKoro  KOHfleHcaxa  axoMOB  HaxpHa  c  N=5.10^  h  n  =  4.10''*cm^  npH 


xeMnepaxype  2mkK  [8]  h  ap.  KpoMe  xoro  HSBecxHbi  SKcnepHMeHxw  no  yaepacaHHio  b 

aoByuiKax  paflHoaKXHBHbix  HyioiHflOB  [9],  [10]  h  ap. 

rio  BxopoMy  BapnaHxy  “oxjiaameHHa“  a^epHbiH  aHcaM6ab  npeflcxaBaaex  co6oh 
HOHHblH  nynOK  [1-5]  H  npHBCfleHHblM  OUeHKaM  KOHUeXpaUHH  COOXBeXCXByeX  HOHHblH  XOK 


J  =  ;rceD^n2JeU/8Mc^  =  — 


Mc^  n 


C  njlOTHOCTbK) 

j  =  cen2  V2eU/Mc^ 

rae  c  -  cKopocxb  cBexa,  e  -  aapaa  Hona,  M  -  ero  Macca  h  eU  -  KHHexHHecKaa  anepraa. 
^a  xoro  ace  HHcaennoro  npHMepa  c  Ti2  —  10'"*cm'^  3xo  cocxaBaaex  flocxaxoHHO 
peajiHCXHHecKHe  SHaneHHa  J  «  70mkA  h  j  »  IkAxm’^  .  YMepeHHbie  SHaneHHa  noanoro 
xoKa  nyMKa  npaKXHMecKH  ycxpanaiox  34)4jeKX  HeoflHopoflHoro  yuiHpeHHa  aHHHH  no  ceaeHHK) 
nyMKa,  BwawBaeMoro  ero  npocrrpaHCXBeHHbiM  sapaaoM  [1] . 

SHaneHHe  npoaeaaHHbix  npocxwx  ouenoK  N  h  n2  cxanoBHxca  6oaee  narjia^HbiM 
nocae  paccMoxpeHHa  npouecca  ycnaenna  noxoKa  4’oxohob  b  nyHKe  cnoHxaHHO 


^7 


pejiEKCHpyiomHx  BOsGyjKflCHHbix  H;iep,  npHnevi  hx  coScTBCHHoe  cnoHxaHHoe  HcnycxaHHe 
4)Otohob  b  MOflbi  KEHajia  no  Been  ero  flJiHHe  sa^aer  HaMajibHbin  ypoBCHb  ycnjiHBaeMoro 
noTOKa. 


3.  ycHJicHHe  cnoHTaHHoro  raiwivia-HSJiyHeHHH 


CxopocTb  cnoHTaHHoro  ncnycKanHa  (J)otohob  b  HHTepBaji  TejiecHbix  yrjioB  AC2  h 
nojiocy  nacTOT  A£0<A(0j  B036y>jaieHHbiMH  aapaMH,  sanojiHJiioinHMH  ynacroK  Kanajia 
CflHHHHHOrO  CeHCHHa  C  flJlHHOH  dz  ,  paBHE 


n2  An  Aa? 
T  47t  AcOj 


dz 


(8) 


rae  r  -  apcMa  xchshh  BOsGy^eHHoro  coctohhhb  no  oxHOuiennK)  k  paanannoHnoMy 
pacnaay,  Ao-j  -  noanaa  neoaHopoanaa  uinpHna  aHnnn  nepexoaa.  Cxopooxb  cnoHxanHoro 

HcnycKanna  saBHcnx  ox  npoaoabnon  Koopannaxbi  z  ,  nocKoabxy  aapa  aBH>Kyxca  Baoab 


Kanana  c  noexoannon  CKopocxbK)  Vq  ,  xax  hxo 

n2(z)  =  n2oexp(-z/l)  (9) 

rae  1  =  VoT  H  n2o— n2(0)  -  nanaabHaa  KonneHxpauna  na  Bxoae  b  xanaa  (  z=0  ). 

rioxoK  4)oxohob  cnoHxaHHoro  npoHCxo)KaeHHa  c  naoxnocxbK)  I  ,  saxBaneHHbix  b 
Moabi  Kanaaa,  pacnpocxpanaacb  no  neiviy  npexepneBaex  ycnaenne  (nan  saxyxanne), 
onncbiBacMoe  ypaBHenneM 

—  =  [o-(n2  -  n,)  -  crLiill 

dx  ^  ^  ^  ^  ^  (10) 

rae  cr  -ceHenne  cxMiwyanpoBannoro  HcnycKanna,  Hi  -  KOHueHxpauna  aaep  b  HnacHCM 
coexoaHHH  nepexoaa  n  n=ni+n2  -  noanaa  KonueHxpanna  aaep;  npoaoabnaa  Koopannaxa  x 
aaa  noxoKa  I  ,  HMeKamero  cbohm  nanaaoM  cnoHxannbie  (J)oxoHbi,  BoannKuine  na  ynacxKe 
Kanaaa  ox  z  ao  z+dz  ,  nponopunonaabna  z,  opnaeM  x=0  b  xohko  z  h  aocxnraex 
KoneHHoro  snaHenna  b  xomko  X=L-Z  . 

ripn  naaHHHH  cKpbixofi  (cneKxpaabHo-aoKaabnon)  HHBepcHn  oxaaacaenHoro  nj^xa 
H30MepoB,  Koraa  annwH  noraomenna  n  ncnycKanna  cMeiaenbi  H3-3a  oxaann,  b 
KOHuenxpapnK)  Hi  b  K03(})(J)HUHeHxe  ycnaenna  <T(n2— lij)  b  (10)  caeayex  BKaionaxb 


TOJibKO  Hflpa,  OKasaBuiHecfl  b  hhjkhcm  coctohhhh  b  peayjibTaxe  CTHMyjiHpoBaHH\)ro 
^epexo/^a  hjih  )Ke  cnoHTaHHoro  HcnycKaHHH  b  moai>i  KanaJia  ycHJiCHHH,  ho  ho  HSHanajibHO 
HaxoA^mwecji  Ha  HH>KHeM  ypoBHc,  a  TaK>Ke  ne  nepeuieAuiHe  na  hh>khhh  ypoaenb  npH 
cnoHTaHHOM  HcnycKaHHH  cj)OTOHa  B  MOAbi  3a  npeACJiaMH  ycHjiHxeAbHoro  Kanajia.  ^pa 
nocjieAHHx  AByx  thhob  naxoA^TCH  bhc  pesonanca  c  ^OTonaMH,  npHHaAAe^aiAHMH  k 
ycHAHBacMOMy  noTOKy. 

Hto  Kacaerc^i  aAcp  nepBbix  AByx  thhob,  to  ohh  oKasbiBaioToi  b  pesoHance,  t.k. 
OTAana  ot  npcAbiAymero  aicra  HcnycKanHH  4)OTOHa  npHAaer  hm  AonojiHHTejibHyio  CKopocrb 
HaBCTpeny  noTOxy  ycHJiHBacMbix  4)otohob 

Av  =  Eo/Mc  00 

KOTopaa  H3-3a  34)4)eKTa  flonnjiepa  KOMneHcnpyer  paccrpoHKy  Mcacay  SHeprHefi  (J)otohob 
ycHJiHBaeMoro  noxoKa 

ft<y  =  Eo(l-Eo/2Mc^) 


H  aHepraeii  ucHTpa  jihhhh  norjiomeHH^ 


Ea  =  Eo(1  +  Eo/2Mc^) 


no)(l  +  Av  /  c)  =  Eo(l  -  Eo  /  2Mc^)(l  +  /  2Mc^)  «  E^  00 

(  Eo  -  anepraa  nepexoaa,  EJ  /2Mc^  =  Er  -3HeprHa  oxflaHH). 

EcaH  npHHBXb,  hxo  KOHuenxpauHa  xaKHX  pe30HaHCH0  norjiomaromux  aaep 
cymecxBeHHO  ycxynaex  n2  ,  xo  ypaBHCHHC  (8)  npwHHMaex  bha  - 


dl  [  f  z+x 

Y=  ®2oexp|^ - f- 


<T^n  dx 


KpoMe  xoro  npeflnojiaraexca,  hxo  naoiCHHe  KOHUCHxpauHH  ng  3a  cnex  cnoHxaHHoro 
paflHauHOHHoro  npouecca  cymecxBeHHO  flOMHHnpyex  Haa  ee  H3MeHeHHaMH  b  peayjibxaxe 
cxHMyjiHpoBaHHoro  HcnycKaHHH  h  norjiomeHHa  4)Oxohob. 

PeincHHe  ypaBHCHHH  (15) 

I(z)  =  Ioexp[ae-’''-(l-b)z/l]  ' 
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T 


AQ  A^y 
Ak  A(% 


-ae 


-L/l 


\ 

(17) 


H 

a  =0120!  b  =  crLnl  (1^) 

flaer  noxoK  4)otohob,  hmcbuimh  cbohm  HanajioM  (j)OTOHbi,  HcnymeHHbie  cnoHraHHO  aa 
ynacTKe  or  z  ;io  z+dz  ,  h  flouieauiHH  ao  Koaua  Kaaajia  z=L  . 

IlojiHbiH  BbixoAHoii  noTOK  4)otohob  ecTb  pesyjibxax  naxerpapoBaHHa  ox  z—0  ao 


z=L 


I-r  =  lol  I  ‘’dy 

exp(-L/l) 


(19) 


rae  npoHSBeflCHa  aaMcaa  nepcMCHHbix  z/1 — Iny  . 

HaH6ojiee  HHxepeceH  cjiynaH  hhskhx  noxepb  4)Oxohob  (cjia6oe  saxyxaHHc).  Koraa 


b«l 


(20) 


x.e. 

lT«(Iol/a)e"(l-e-'^) 


(21) 


Q  =  a(l  —  e  ^'^*)  -  napaMCxp  KaMecxsa. 

BejiHHHHa  Ix  ecxb  nojiHWH  noxoK  4)oxohob  ycHjicHHoro  cnoHxaHHoro  acnycKaHHa  b 
MOflbi  Kaaajia  ajimhoh  L  .  Ero  cjieayex  conocxaBHXb  c  aeycHJieHHbiM  noxoKOM  ^JOxohob 
HHCXO  cnoHxaHHoro  npoHcxoRflCHmi,  Koxopbifi  moxcho  oueHHXb,  ycxpcMHB  B  (21)  O'—>0  : 


j  _  n20  lc~'’^^'(l  c~^^') 


OxHomcHHe 


r  4;r  lS.(Oj 

xapaKxepHsyiomee  3(J)(J)eKXHBHOCXb 


cxHMyjiHpoBaHHoro  HcnycKaHHH,  paBHO 

I./L  ={e«-l)/Q 


(22) 

npouecca 

(23) 


Bhaho,  hxo  aaiwexHoe  npeBbiuieHHe  noxona  HHAyuHpoBaHHbix  4>otohob  aaA 

A- 

cnoHxaHHbiM  (J)OHOM  Ha6jiK»AaexcH  npa  sHaneHHax  napaMexpa  KanecxBa  Q  ,  npeBocxoflamax 
HCCKOAbKO  CAHHHU  (aanpHMep,  It  /  Isp  -  ^  Q  -  CJIOBaMH  Heo6xoflHMO, 


HXo6bI 


6c 


b«l;  L^»l;  Q>1  (2^) 

OflHHM  H3  npeHMymeCTB  HCn0JIb30BaHHH  CB06oflHbIX  H^ep  flJIH  3KCnepHMeHTOB  no 
CTHMyjinpoBaHHOMy  raMMa-ncnycKanHio  ABJiaercsi  B03M0acH0CTb  Gbicrporo 
MaHHnyjiHpoBaHHB  hx  nyMKaMH,  npaxTHHecKH  neflocrynHaji  b  TBepAorejibHon  BcpcHH  c 
Mecc6ay3poBCKHMH  H30MepaMH.  IlpoTOKOJi  npHroTOBjicHHa  ycHJiHBaiomeH  cpeAbi  h3 
CBo6oflHbix  Hflep  cocTOHT  H3  cjicflyiomeH  uenn  ocHOBHbix  onepauHH  [1];  naKaHKa  b 
yflaneHHOH  ropanen  aone;  (i)opMHpoBaHHe  aTOMHoro  hjih  Honnoro  nynKa,  ero  oxnaacflenne 
fljia  o6pa30BaHHa  cKpbiroH  HHBepcHH  h,  naKonen,  saBepmaiomHH  npopecc  ycnjicnna 
cnoHTaHHoro  najiyHCHHa.  CyMMapnaa  npofloaacHrejibHOCTb  Bcex  craflHH  npHroTOBaenna 
cpeflbi,  flaace  npn  nacTHMHOM  coBMemennH  neKOTopbix  onepaunn,  ne  aoaacHa  cymecTBenno 
npeBOCxoflHTb  apeMa  >kh3hh  rBoaGyacaenHoro  cocToaHna,  HTo6bi  coxpanHTb  aocTaTOHnyio 

KOHueHxpauHK)  n2o  k  nanajiy  aaKJiioMHTeabHOH  cxaflHH. 

3x0  xpeGoBanne  Bcxynaex  b  npoxHBopeMne  c  xenACHUHeH  k  yMCHbiueHHK)  BpeMcnn 
acH3HH  z;  Koxopoe  onpeaejiaex  rjiyGnHy  oxjiaacAenna  nyHKa,  neoGxoflHMyio  flJia 
npaGanaccHHa  HeoflHopoflHoro  yuinpcHHa  jihhhh  k  ecxecxEennoH  paflHauHOHHon  uinpHne 
H  noBbiuieHHa  xcm  caMbiM  K03(j)(j)HUHeHxa  ycHaenna.  3xo  oGcxoaxejibcxBO  aaiwexHbiM 
oGpaaoM  Moacex  aaxpyflHHXb  npuMenenHe  coBpcMenHbix  Mexo^^OB  oxiiaacaenna  axoMHbix 
nonyaauHH  c  noMombK)  onxHMecKHx  aaaepoB.  HecKoabKO  npome  oGctohx  fleao  cnpn 
MOHOKHHexHaauHH  nyMKa  ero  ycKopenneM  b  aaexxpHHecKOM  none  [1]  ,  ho  h  b  3xom  caynae 
BpeMa  oxaaacaeHHa  Bpaa  an  mo>kho  cfleaaxb  cymecxBeHHO  HHace  HecKoabKHX  flecaxKOB 
HaHOceKyHfl. 

no3xoMy  npeacxaaaaex  HHxepec  BOSMoacHocxb  paflHKaabHoro  ycxpancHHa 
oxMeMeHHoro  npoxHBopenHa  nyxew  coBMemcHHa  nepaoH  h  nocaeaneH  cxaaHH  npoxoKoaa, 
ocymecxBaaa  HaKaHK>  yace  c4)opMHpOBaHHoro  h  oxaaacaeHHoro  aapanee  nyHKa 
oaHOBpeMeHHO  h  napaaaeabHO  c  nponeccoM  cxHMyanpoBaHHoro  HcnycKaHHa.  3xo 
OXKpblBCX  B03M0aCH0CXb  HCnoab30BaHHa  KOpOXKOaCHBytUHX  COCXOaHHH  CO  3HaHHXeabHOH 
paflnapHOHHOH  uinpHHOH,  hxo  ocBoGoacflaex  ox  neoGxoAHMocxH  b  CBepxrayGoKOM 
“oxaaaaceHHH”  aaepHoro  nyHKa.  >  ^ 

3xa  paGoxa  nacxHHHO  noflflepacana  PC><1>H  (rpanx  96-020 1768a)  h  IIporpaMMOH 

BOARD  (npoeKx  SPC96-4033.) 
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3jieicrpoHHKH  H  aBTOMaxHKH  (TexHHHCCKHH  yHHBepcHTex) 
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Appendix  5 


-  :  \ 

MHAyUMpoeaHHa;!  aHHurmiymuji  aroMOB  nosiiTpoHUH  npn  BHeiuHeiui 

no/pKnre 


A.A.3adepHOBCKUu,  J1.A.PuenuH 


1.  BeeAeHMe 

AHTHMarepHH,  Kan  HfleajibHWH  hctohhhk  cocToaHHH  c  OTpHuaTejibHOH 
xeMnepaxypoH  [1,  2],  aseho  npHBJieKaer  BHHMaHHC  HccjieflOBaxejieH,  Hmymnx  nyrn  k 
nojiyneHHK)  KorepenxHOH  reHcpauHH  raMMa-KBanxoB  h,  b  KonenHOM  Hxore,  cosAanHio 
raMMa  Jiasepa.  Oco6eHHO  nacxo,  KaK  HaHMenee  aKSOXHHecKan,  paccMaxpHBajiacb  b  3xom 
OXHOIUeHHH  peaKUHB  aHHHrHJlBUHH  3JieKXpOHOB  H  n03HXpOHOB  [3-10],  B  AaHHOH  pa6oxe 
HCCJieAyexca  BOSMoacHOCXb  BHeiuHero  noAXHra  BCxpeMHbiMH  (JjoxoHHbiMH  nyHKaMH 
JiaBHHOo6pa3HOH  HHAyUHpOBaHHOH  aHHHrHJiaUHH  aXOMOB  n03HXp0HHa. 

KaK  H3BeCXHO  [11],  npH  MajlblX  OXHOCHXejIbHbIX  CKOpOCXaX  CBo6oflHbIX  SJlCKXpOHOB 

H  nosHxpoHOB  v<ac  (a  -  nocxoanHan  xohkoh  cxpyKxypbi,  C  -  CKopocxb  caexa  b  BaKyyMe) 
cxaHOBHxca  cymecxBeHHbiM  KyjiOHOBCKoe  npnxajKeHHe  MejKAy  nacxHuaMH  h  hx 
aHHHrHJummi  npoHcxoflHx  b  6ojibiuHHCxBe  cjiynaeB  nepea  cxaflHio  o6pa30BaHna 
BOAOpoflonofloGHoro  cBaaaHHoro  cocxohhhji  3JieKxpoHa  h  no3HxpoHa  -  axoMa  noaHxpoHHJi. 
B  HH3iiieM  3HeprexHMecKOM  cocxobhhh  axoM  noanxpoHHH  cymecxByex  b  abjoc  bhabx:  c 
aHXHnapajiJiejibHbiMH  cnHHaMH  ajieKxpona  h  no3HxpoHa  (napanoBHxpoHHii)  h 
napajiJiejibHbiMH  cnHnaMH  ajiexxpoHa  h  noaHxpona  (opxono3HxpoHHH).  Ochobhoc 
COCXOBHHe  OpXOnoaOXpOHHB  CO  CnHHOM  paBHbIM  eAHHHUe  XpeXKpaXHO  BbipOJKAeHO  no 
npoeKunaM  conna  h  n03X0My  axoMOB  opxono3HxpoHna  oGpaayexca  b  xpn  paaa  Gojibuie,  hcm 
axoMOB  napano3HxpoHHfl.  B  CHJiy  aaKonoB  coxpaneHHa  anepran  h  HMnyjibca  h  aaKona 
coxpaHeHHH  aapaAOBOH  nexHOCxH  npn  ajieKxpoMarnnxHbix  BaaHMOAeiicxBHax,  axoM 
napanoBHxpoHHB  anHHrnjiHpyex  c  HcnycKaHHCM  xojibko  nexHoro  nncjia  (AByx  h  Gojiee) 
4)Oxohob,  a  axoM  opxonoanxpoHHfl  -  c  HcnycKaHweM  xojibko  HenexHoro  nncjia  (xpex  h 
Gojiee)  4)oxohob.  B  CBaan  c  3xhm,  o6a  -BHAa  axoMOB  noanxpoHHib-  OKaabiBaioxca 
HpeaBbinaHHO  npnBacKaxejibHbiMH  jym  npHivieHenna  MexoAa  BneuiHero  noA>KHra 
HHAyUHpOBaHHOH  aHHHrHJlHUHH  C  nOMOIAbK)  BCXpCHHblX  HHXCHCHBHblX  4)OXOHHbIX  nyHKOB. 


^3 


2.  Mctoa  BHeiiiHero  noA>KMra  iiHAyUMposaHHOM  aHHHrmifiAMii  nosiiTpoHiin 

MeTo;^  BHeiiiHero  noflJKHra  BcrpcHHbiMH  (|)OTOHHbiMH  nyHKaMU  flByxKBaHTOBoro 
npouecca  cxHMyjiHpOBaHHoro  HcnycKaHHa  BnepBbie  npefljioaccH  b  [12],  Bosmo^hoctb 
npHMeHeHHH  3Toro  werofla  k  KOJieicTHBy  cBo6oflHbix  B036y^eHHbix  a^ep  noApoGno 
paccMOTpena  b  [13],  IIoKaaaHO,  mto  b  oraHHHe  ot  OAHOKBaHTOBoro  npopecca  HcnycKanHa  c 
AonjiepoBCKHM  yiiiHpeHHeM  ahhhh  ycHJiCHHa,  b  npouecc  HHAyunpoBanHoro  HajiyncHHa 
raMMa  KBanroB  bo  BcrpeMHbix  nynKax  4)otohob  c  anepraaMH  6jih3khmh  k  nojiOBHHe 
SHCprHH  aAcpHoro  nepexoAa  BOBjieKawTca  npaKTHHCCKH  Bce  HApa,  HcaaBHCHMO  ot  hx 

CJiynaHHblX  HHAUBHAyaJIbHblX  CKOpOCTCH.  IIpH  3TOM,  yCXaHaBJlHBaeTCa  npHCyiAHH  JIHUIb 
AByXKBaHTOBOMy  CTHMyjlHpOBaHHOMy  HCnyCKaHHK)  CnCAHajlbHblH  BHA  AHHaMHHeCKOH 
pacnpeAejieHHoii  o6paTHOH  CBa3H  6e3  KaKHx-jiH6o  oxpaacaiomHX  cxpyKxyp.  HejiHHeSHOCXb 
o6paxHOH  CBa3H  BbisbiBaex  jiaBHHOo6pa3Hoe  cnaxue  B036yacAeHna  aAcp, 
conpoBoacAaiomeeca  H3jiyHeHHeM  rHxaHXCKoro  HMnyjibca  raMwa  KBaHxoB. 

npuMencHHe  MexoAa  BHeiiiHero  noA^KHra  k  aHcaM6jiK)  axoMOB  nosHxpoHHa  HMeex 
paA  oco6eHHOCxeH  [14]  ,  o6ycjiOBjieHHbix  aHHHXHJiauHeH  no3HxpoHHa  b  npouecce 
HsayneHna,  xo  ecxb  ncHe3HOBeHHeM  Hocnxejia  HMnyjibca  npH  HcnycKaHHH  raMMa  KBaHxoB. 
B  CBa3H  c  3XHM,  HanpHMcp,  aHHHrHjiauHa  noKoauieroca  axoMa  napano3HxpOHHa 
conpoBoacAaexca  HcnycKaHHeM  Aayx  KBanxoB  cxporo  npoxHBonojioacHoro  HanpaBjieHHa  h 

OAHHaKOBOH  3HeprHH  hCOQ  »  mc^  =  0,5 1 1  M3B  ,  paBHOH  noaOBHHe  SHeprHH  OCHOBHOrO 

cocxoaHHa.  /[BHacyiAHiica  ace  c  neKoxopofi  cKopocxbio  V  axoM  napano3HxpoHHa  ne  Moacex 
(b  oxjiHHHe  ox  CBoGoAHoro  aApa)  HcnycxHXb  abb  OAHnaxoBbix  raMMa  KBanxa  b 
npoxHBonojioacHbix  HanpaBjieHHax.  AHHHrnjiauHa  napanoaHxpoHHa  npenaxcxByex 
BbinoJiHCHHK)  3aKOHa  coxpaneHHa  HMnyjibca  b  3xom  npouecce.  no3xoMy  jiHHHa 
aHHHrHJiauHOHHoro  HSJiyneHHa  KOJUieKXHBa  axoMOB  napanosHxpoHua  HMeex  AonaepOBCKyio 
uiHpHHy  A6)j)H  npH  o6jTyMeHHH  BCxpeHHbiMH  noA^uraioiAHMH  nyHKaMH  (Jioxohob, 

cocpeAOxoneHHbix  b  hbctoxhoh  noaoce  Ao)  B6aH3H  Hacxoxbi  (Dq  ,  b  npouecc 
HHAyuupoBaHHOH  aHHHFHJiauHH  oKasbiBBioxca  BOBaeHeHHbiMH  aHuib  Maaaa  AOJia 
£  =  axoMOB  no3HxpoHHa,  npHnauaeacaiunx  uenxpajibHOMy  ynacxKy  hx 

CKOpocxHoro  pacnpcAeaeHHa  B6aH3H  v=0  . 


B03HHKaK)mHe  B  CBBSH  C  3THM  nOBblUieHHbie  XpeGoBaHHa  K  MOHOKHHCTHMHOCTH 
nyHKa  btomob  noaHxpoHHJi  Moryr  6biTb  yAOBJiexBopeHbi  c  noMOuibio  pasjiHHHbix  mctoaob 
npeflBapHxejibHOH  MOHOKHHexHsaqHH  BjieKXpoHHoro  h  nosHxpOHHoro  nyHKOB,  npH 
CMeuiHBaHHH  Koxopbrx  o6pa3yexca  nosHxpoHHfi.  npocxeHuiHM  h3  hhx  HBJiaexca  mcxoa 
ycKopeHHH  3apa^eHHbix  nacxHu  npH  oflHOBpCMeHHOM  B03AeHCXBHH  HMnyjibCHoro 
sjieKxpHHecKoro  nojia  na  Bce  HacxHUbi,  coflep»amneca  b  MeacBjieKxpoAHOM  npoMeacyxKe 
[15]. 

Ba^KHbiM  npcHMymecxBOM  axoMOB  no3HxpoHHa  nepea  aapaMH  HBjiaexca 
B03M0)KH0CXb  HCn0Jlb30BaHHa  pejWXHBHCXCKHX  nOBHXpOHHCBblX  IiyHKOB,  HXO  CymeCXBCHHO 
CHH>Kaex  xpe6oBaHHa  k  HcxoHHHKy  noAacHraromHX  4)oxohob  BCxpeHHoro  HanpaBjieHna.  Tan, 
SHepxHa  noflJKHxaiomHx  (Jioxohob,  Koxopaa  b  CHCxeMC  noKoa  napano3HxpoHHa  AOjmHa 

6bixb  paBHOH  TicOq  »  mc^  =  0,51 1  Msb  Moacex  6bixb  yMCHbuieHa  6jiaroflapa  aonjiepOBCKOH 

xpaHC(J)opMauHH  flo  BejiHMHHbi  onpeACJiaeMOH  paBencxBOM 


mc^ 

^^ign  ~  7“2  IN  1/2 

y  +  {y  -1)^  (1) 

rae  y  -  peOTTHBHCxcKHH  (JiaKxop  nyMKa  axoMOB  no3HxpOHHa.  HanpHMep,  npH  anepraH 
ajicKxpoHOB  H  no3HxpoHOB  B  ityMKe  ITlcV  ®  260  Mbb  (;K  «  500  )  SHeprHH  noa>KHraiomHX 
4)oxohob  MO*ex  6bixb  yMeHbuieHa  b  10^  paa  h  cxaxb  paBHofi  ^<2)jgj,=0,5K3B. 


OaHOBpeMCHHO  C  3XHM,  B  CHCXeMC  KOOpAHHaX  aBH^iaCHCH  BMCCXe  C  aXOMaMH 
no3HxpoHHa  B  y  paa  yaejiHHHBaexca  njioxHOCXb  (|)oxohob  bo  BcxpennoM  noa^HraiomeM 

n3^Ke,  a  yrjiOBaa  pacxoaHMOCXb  yMCHbiiiaexca  b  ^  paa.  B 

peayjibxaxe,  apKOCXb  (cneKxpajibHO-yrjioBaa  njioxHOCXb  noxoKa  ^oxchob)  sxoro  nyHKa 
4)0X0 HOB  Boapacxaex  b  Ay^  paa,  hxo  aiw  npHBeacHHoro  hhcjichhoxo  npHMCpa  cocxaBjiaex 
3HaHHXejTbHyiO  BCJlHHHHy  5.10^  . 

PaayMeexca  apyroii  nynoK  4>oxohob,  coBnaaaioiaHH  c  HanpaBjiCHHOM  aBH>KeHHfl 
axoMOB  noanxpoHHa,  HcnbixwBaex  oGpaxnyio  xpaHc4)opMauHio  h,  noaxoMy,  aneprua 

noa>KnraK)mnx  4)oxohob  b  hom  aoJUKHa  6brrb  HpeaBbinaHHO  Gojibuioh  2niC  ^=0,5r3B. 


CjiejiyeT  OTMeruxb,  OOTaKO,  hto  (|)OTOHbi  Hy^Hoii  sHepruH  h  Hy^KHoro  HanpaBjieHHH 
pO>KAaK)TCH  B  Ka^KAOM  aiCXe  ^^ByXKBaHTOBOH  CnOHTaHHO-CTHMyjIHpOBaHHOH  HSJTyHaxejIbHOH 
aHHHFHJIHUHH  aXOMOB  napanOBHXpOHM,  Bbl3BaHHOH  XOJTbKO  nepBbIM  nOA^HXaiOmHM 

nyHKOM.  B  xaKHx  paflHauHOHHbix  nepexo^ax  BHeuiHee  ajieKxpOMaxHHXHoe  HajiynenHe 
cxHMyjiHpyex  jiHuib  OAHy  nacxb  AByxKBaHxoBoro  nepexoAa  k  HcnycKaHHio  (|)oxoHa,  Bxopofi 
TKe  4)oxoh  HSJiynaexc^i  cnoHxaHHO.  IIpH  3xom,  corjiacHo  aaKOHaM  coxpaHeHPw  snepraH  h 
HMiiyAbca  B  CHCxeMe  uokoh  axoMa  no3HxpoHra  nacxoxbi  o6ohx  4)oxohob  coBnaAaiox,  a 
HanpaBJieHHe  Bbijiexa  cnoHxaHHoro  4^oxoHa  cxporo  npoxHBonojio^HO  HanpaBjieHnio 
cxHMyjiHpyioiAero  H3JiyHeHii5i.  PoHCACHHbie  xaKHM  o6pa30M  cnoHxaHHbie  4)oxoHbi  HAeajibHO 
noAXOAHx  AJi^  nocACAyiomero  ynacxHH  b  axxax  AByxKBanxoBOH  cxHMyjiHpoBaHHO- 
cxHMyjiHposaHHOH  aHHHXHjiHUHH  axoMOB  no3HxpoHHH  H,  cjieAOBaxejibHO,  Moryx  Hrpaxb 
pojib  Bxoporo  noA>KHraK)mero  nynKa. 

Heo6xoAHMO  noAHepKHyxb,  hxo  xaxaH  ^ecxKaa  CBH3b  Me>KAy  cxHMyjiHpoBaHHbiM  h 
cnoHxaHHbiM  (J)oxoHaMH  yHHKajibHa  HMCHHO  a™  npoaecca  aHHHrajiauHH,  KOXAa 
npoHCXOAHx  HCHe3HOBeHHe  H3JiyHaxejm,  IIpH  HAepHbix  AByxKBaHxoBbix  cnoHxaHHO- 
cxHMyjinpoBaHHbix  nepexoAax  yroji  Bbijiexa  cnoHxaHHoro  4^oxoHa  no  oxhouichhio  k 
HanpaBjieHHK)  cxHMyjinpyioiAero  H3JiyHeHH^  MO^ex  H3MeHOTbCH  b  mnpoKnx  npeAejiax  ox  0 

AO  Itt  ,  a  HMnyjibc  oxAann  npwHHMaex  na  ce6H  wpo. 

CneuH4)HHecKHMH  CBOHCXBaMH  o6jiaAaex  BHemnnH  noA:^nr  xpexKBanxoBon 
HHAyi^npoBaHHOH  aHHHFHjmqHH  opxono3HxpoHH^.  B  CHJiy  3aKOHOB  coxpaneHHH  anepran  h 
HMnyAbca,  anepran  ho)^^ho)2^fiO)2  xpex  HcnymeHHbix  aHHHrnjmunoHHbix  (|)oxohob 

AOJDKHbl  H306pa5KaXbCH  AAHHaMH  CXOpOH  XpeyXOAbHHKa  C  nepHMCXpOM  2mc  .  IIoaXOMy 
BeKXOpbl  HMnyjlbCOB  3XHX  45OXOHOB  H  yXJIbl  Me^CAy  HHMH  nOJIHOCXbK)  OnpeAejlHIOXCH 
aaAanneM  anepran  AByx  (J)oxohob.  Rpn  3xom,  ecAH  ABa  (J)oxoHa  hmoiox  cyMMapHyio 

3HeprHK)  ho)]^  +  hc02  =  me  ,  TO  HMnyjibCbi  Bcex  rpex  (J)otohob  aojokhm  jiexcarb  na  oahoh 

npaMOH  H  xpcTHH  4)otoh  c  SHeprHCH  hco^  =  me  HcnycKaerca  b  HanpaBjieHHH  b  tohhocth 
o6paTHOM  HanpaBjieHHK)  HcnycKaHHa  nepBbix  ASyx.  BneiiiHero  noaxcHra  “noAHocTbio” 
cTHMyjiHpoBaHHOH  aHHHrHJixuHH  Tcnepb  norpeGyerca  xpH  nyHKa  4>otohob  -  abb 
napajiJiejibHbix  b  oahom  nanpaBJieHHH  h  oahh  b  npoTHBonojioxcHOM  nanpaBJieHHH. 


Oco6oe  SHaHCHHC  HMceT  BbipoHCfleHHbiH  cjiynaH  paBCHCTBa  aneprHH 
ho)]^  =fiC02  =  lllC^/2,  Korfla  aaa  napajiJiejibHbix  noxoKa  (JjOTOHOB  o^Horo  HanpaBjieHHa 

CJIHBaKDTCH  B  OflHH  nOTOK,  KaHCJlblH  4)OTOH  KOTOpOFO  HHflyUHpyeT  B  aKTC  aHHHPHJIHUHH 

opTono3HTpoHH5!  HcnycKaHHe  cpasy  AByx  KBanroB  c  aHepraefi  hco  =  niC^/2 .  B  pesyjibTaxe 
K034)(})HUHeHx  ycHjieHHa  3xoro  ityHKa  (jjoxoHOB  Bospacxaex  b^iboc  no  cpaBHennio  c  n5^KOM 

BCrpCHHblX  (|)OXOHOB.  IIpH  3XOM,  yCJlOBHH  flOnJlCpOBCKOXO  pejMXHBHCXCKOrO 
npeo6pa30BaHHa  nacxoxbi  nofl^nraiomHx  4)oxohob  b  3xom  nyHKe  BflBoe  6ojiee  MHrKHe,  hcm 
npH  nofl^nre  flByxKBanxoBOH  HHflyuHpOBaHHon  aHHHrnjiauHH  napano3HxpoHna  (1). 
HanpHMcp,  npn  3HeprHH  nofl^HraromHX  4>oxohob  i^<2)igjj=0,5K3B  xenepb  aocxaxoHHO 

Hcnojib30Baxb  pejiaxHBHCxcKHH  nynoK  axoMOB  opxonoanxpoHHai  c  3HeprHeH  3JieKxpoHOB  h 
n03HXp0H0B  =  1  30  M3B  (r  » 250)  npoxHB  26OM3B  gjia  flByxKBanxoBOH 

aHHHrnjiauHH  napanoanxpOHHa. 

HenpeMCHHbiM  axpH6yxoM  cxHMyjiHpOBaHHOH  aHHHrmnmHH  no3HxpOHHa  b  nojie 
flByx  BCXpeHHbix  nyHKOB  4)Oxohob  aBjiaexca  nnHaMnnecKaH  pacnpeaejicHHaa  o6paxHaa  CBa3b 
MOKfly  BCXpCHHblMH  BOJlHaMH.  POJKflCHHbie  (J)OXOHbI  OO  CBMOMy  CMbICJiy  HHityUHpOBaHHOrO 
H3JTyHeHna  OKaabiBaioxca  Geaynpenno  c4)a3HpoBaHHbiMH  h  nonaflaiox  b  HyjKHyio  Mo;iy. 
HejiHHeHHOCxb  oGpaxHon  CBaan  onpeaejwex  flnnaMHKy  ycHjieHna  BcxpenHbix  nyHKOB 
(j)oxoHOB  H  npn  onpeaejieHHbix  ycjiOBHJix  BbiawBaex  JiaBHHOoGpaanyK)  HHflynnpoBaHHyio 
aHHHrnjiauHK)  axoMOB  noanxpoHHa,  Koxopaa  conpoBoacflaexca  najiyneHneM  rnranxcKoro 
HMnyjibca  raMMa  kbbhxob. 

3.  AMHaMMKa  ycMJieHMn  BCxpeHHbix  no^jKiiraioiMiix  nyHXOB.  flapanosiiTpoHMM. 

B  CHCxeMe  Koopannax,  flBH>KymeHCH  BMCCxe  c  nynKOM  axoMOB  napanoanxpoHHa  c 
KOHueHxpaunen  N  ,  ycnjiCHne  BCxpeHHbix  noxoKOB  raMMa  KBanxoB  c  njioxnocxK)  I  h  I 
[cm’^c'*]  b  xejiecHOM  yrjie  AQ  h  cneKxpajibHOH  nojioce  A^yQ  =  >  paBHon  oGpaxnoMy 

BpcMCHH  acH3HH  napano3HxpoHna,  onncbiBaexcH  b  cxauHonapHOM  cjiynae  ypaBHCHHaMH 


(2) 


—  =  p{sM  +y£N{I +  1*)-\-SqS—-(j{N^  +  N_)I 

dz  r 

-  —  =  p{£N  -  ^)I^  +  ysN{I  +  /*)  +  6q£—  -  a{N^  +  N_)f 

dz  T 


(3) 


rae  MHOJKHxeab  £  =  AfyQ  /  noKasbiBaer  aoaio  axoMOB  nosHrpoHHH, 

BSaHMOfleHCTByromHX  C  BHCUIHHMH  noa>KHraK)mHMH  nyHKaMH  (JtOTOHOB,  (N^+N_)  - 

coBOKynHoe  hhcjio  ajieicrpoHOB  h  nosHTpoHOB  b  nyHKe.  IlepBbie  hjichm  ypaBHeHHH 
OTBenaRDT  sa  aByxKBaHxoBoe  CTHMyawpoBaHHoe  HcnycKaHHe  hjih  norjiomeHHe  4)otohob  c 

K034)(J)HLlHeHT0M  yff  [Cm‘*c]  npH  aHHHrHJIHUHH  HJIH  pOJKaCHHH  aXOMOB  HOSHXpOHHH,  BXOpbie 
HJieHbl  3JHHXbIBaiOX  CnOHXaHHO-CXHMyjIHpOBaHHOe  HCnyCKaHHC  (jlOXOHOB  bo  BCXpeHHbie 
nyHKH  I  H  I*  C  K03(^4)HUHeHX0M  /  [CM^],  XpeXbH  HJICHbl  OHHCblBaiOX  HHCXO  CnOHXaHHOC 

HcnycKaHHe,  npHHCM  MHO»;Hxejib  £q  =  AQ/ Atu  noKaabiBaex  aojiio  (Jioxohob,  nonaaaiomHX 
B  xeJiecHbiH  yroji  AQ ,  oxBaxbiBaiomHH  nyHKH  I  h  I  ,  h  nocjieaHHC  hjichbi  xapaicrepHayiox 
nojiHbie  noxepH  4>otohob  h3  Kajicaoro  nynKa  c  cenenHeM  pacceanna  <7  [cm^];  Z  - 
npOfloabHaa  KOopaHnaxa  30Hbi  ycnacHHa  c  ajihhoh  L  . 

IIoaoacHxeabHoe  ycHaenne  c  dl/ dz  >  0  h  -  dr/dz  >  0  /locTHraercH  ecjiH 

2yff(£N -  1)n*  >  [o-(N^  +  N_) - 27'£N](I  + 1*)  -  2£q£^It  .  (4) 

OxcKJfla,  BBOfla  HHxencHBHOcxH  noflJKHraiomHx  nynKOB  (|)oxohob  I^gj^  h  Ijg,,  =\^^l fj.  na 

Bxoae  b  o6aacxb  ycHaenna,  nojiynaeM  ycaoBHe,  Koxopoe  mojkho  paccMaxpHBaxb  kbk 
noporoBoe  ajia  noaacnra 

Iig„>Io(1  +  /')  .  4  >Io(1 +  //)///  .  (5) 


rae 


Io  = 


q-(N^  +  N_)/No  -  2£y 
2£P 


(6) 


H  nocjieflHHH  HjieH  b  (4)  onymcH  H3-3a  Majiocra'MHoacHTejia  £q  ,  a  xaic^e  npeanojiaraerca, 
HTO  HanajibHaH  KOH^eHTpa^na  axoMOB  no3HxpoHHa  Nq  aocxaxoHHO  BejiHKa,  xaK  hxo 
£No  » 1 . 


Ecjih  HHTeHCHBHOCTH  BCTpeHHbix  nyHKOB  cymecTBeHHO  npeBbimaiOT  noporoBbiii 
ypoBCHb,  xo  B  ypaBHCHHKx  (2),  (3)  M05KH0  npeHe6peHb  bcbmh  HjieHaMH,  KpOMe  nepBbix. 
Torfla  nojiyMacM 


dz 


-—=j3£m* 

dz 


(7) 


oxicyaa  d(I  +  I*)/dz  =  0  h  I  +  T  =  =  I*g„  +  lout  =  const  ,  rae  lout  «  Ct  - 

HHxeHCHBHOCXH  nyHKOB  Ha  Bbixoae  H3  o6jiacxH  ycHJieHHa.  PeayjibxaxoM  HHxerpHpoBaHHa 
CHCxewbi  (7)  HBJMexca  xpaHC^eHfleHXHoe  ypaBHCHHC  ajih  “hhcxofo”  aHaneHHH  BbixoaHofi 

HHxeHCHBHOCXH  I„  =  lout  “  lign  =  ~  yCHJTeHHS  L 


-1  r 


V^ign 


^+^  +  JU 


In 


^  +  1 


V^ign 


r 


h 


.  •‘■ign 


(8) 


xfle  N  -  cpejjHfla  KOHuenxpauH^  axoMOB  no3HxpoHHH  b  nynKe 


(9) 


PemcHHe  axoro  ypasHeHHH  npeflCxaBJieno  na  pnc.l  b  bh^c  aaBHCHMOCXH  ox 

napaMexpa  bkxhbhocxh  ycHjiHBaiomeH  cpejibi  A  =  ana  paajiHHHOH  cxenenn 

aCCHMMCXpHH  HHXeHCHBHOCXCH  nOflaCHXaiOmHX  nyHKOB  4)0X0H0B  fj,  . 


Oco6eHHOCxbK)  KpHBbix  HBjwexca  Hx  HeoflHOSHaHHOCxb  H  rHCxepe3HCHbiH  xapaKxep. 
npH  flocxH>KeHHH  napaMexpa  aKXHBHOCXH  A  KpHXHnecKoro  aHaneHna  npoHCxoflHX 
aaBHHOo6pa3HbiH  CKanoK  na  BepxHHH  ynacxoK  S  -  oGpaanbix  KpHBfaix  h  peaKoe  BoapacxaHHe 
cKOpocxH  HHflyuHpoBaHHOH  aHHHXHjiauHH,  conpOBOSKflaiomeeca  HajiynenHeM  raranxcKoro 
HMnyabca  raMMa  KBanxoB. 


Heo6xoflHMO  OTMexHTb,  HTO  paapbiBHbiH  xapaKTep  kphbbix  na  pHC.l  HMcex  cboch 
npHHHHOH  fleiiCTBHe  flHHaMHHCCKOH  paCnpCflejICHHOH  o6paTHOH  CBHSH  Mexyiy  BCTpeHHbIMH 
noTOKawH  4)otohob  [16],  Ko3(|)4)HUHeHT  o6paTHOH  CBHSH  p  ,  onpeaejixeMbiH  nepes 

npHpameHHC  njioTHOCXH  noTOxa  ^JOTohob  oGpaxHOH  bouhw  dl  Ha  sjieMeHxe  AJiHHbi  dz 
nofl  fleHCXBHCM  npaMOH  bojihu  c  njioxHOCXbK)  noxoKa  I ,  HMeex  bha 

''  dl*  n  .tt* 

p  = - =  /?5NI  . 

I  dz  (10) 

HejiHHeiiHbiH  xapaxxep  cbhsh  Mexcay  BCXpenHbiMH  BOJinaMH  oGycjiOBjieHHbifl  aKxaMH 
CXHMyaHpOBaHHO-CXHMyaHpOBaHHOH  aHHHXHJlSmHH  napanOSHXpOHHX  npHBOflHX  K  pocxy 

K034)(|)HUHeHXa  CBH3H/7  BMBCXe  C  I*  ,  HXO  H  aBJIXeXCJI  npHHHHOH  jiaBHHOo6pa3Horo 
pasBHXHx  npouecca  HHayunpoBannoH  aHHHrHjiauHH. 


3.  Bepo5iTHocTb  MHAyUMpoeaHHOM  aHHiiriinnL(MM  napanosHTpoHiin 

CBa3b  Mexcay  BCpOXXHOCXbK)  CnOHXaHHOH  H  HHayUHpOBaHHOH  aHHHXHJIXUHH 
napano3HxpoHHH  npome  Bcero  ycxanoBHXb  c  noMOiabio  cooxHomcHHx  3HHmxeHHa  Mexcay 
CnCKXpajlbHblMH  K034)(J)HUHeHXaMH  CnOHXaHHOXO  H3JiyHeHHX  A(<w)  H  HHayUHpOBaHHOrO 

H3jiyHeHHx  B(<y)  [17] 

A  _  %0}^ 

b"^’  (11) 

rae  K03(])4)HUHeHx  A((»)  onpeaejixex  BCpoxxHOCxb  cnoHxaHHoro  H3JiyHeHHX  ^oxona 
nacxoxbi  (D  b  cnexxpajibHbiH  HHxepBaa  6.(0  h  HHxepBaa  xejiecHbix  yrjiOB  dQ 


dW^  =  Aio))d(o 


4a:  ’ 


(12) 


a  K034)$HUHeHx  B(<»)  -  BepoxxHocxb  cxHMyaHpOBaHHoro  Hajiynenna  4>oxoHa  xoii  xce 


nacxoxbi 


dWj  =  ^{(o)\J{(0,d,(p)6(o6a 


(13) 


Go 


B  npHcyrcTBHH  ajieicrpoMarHHTHOH  bojimbi  co  cneKxpajibHo-yrjiOBOH  njioxHocTbio  anepraH 
\]{co^O^(p) ,  C  noMombK)  cooTHomeHHH  3HHmTeHHa  (11)  nepenwineM  (13)  b  bh^c 

Y^oGhom  AaiibHCHLuero  npHivieHeHna 

dWi  =  (Jl^/4)A(0))l(Q),k)d0}dQ. 

rfle  I(<y,k)  =  l{co,6,p)  -  cneKxpajibHO-yrjiOBaa  njiOTHOCTb  noTOKa  (JjOTOHOB  (apKOCTb) 
CTHMyjIHpyiOInerO  HSJiyHCHHa  C  aJIHHOH  BOJIHW  A  H  BOJIHOBBIM  BeKTOpOM  k  . 

BepOHTHOCTb  B  eflHHHOy  BpeMeHH  flByXKBaHTOBOH  CnOHTaHHO-CnOHXaHHOH 
aHHHFHJUiuHH  BTOMa  napanosHTpoHH^  c  HSJiyneHHeM  (})OTOHa  HacTOTw  0)  b  cneicrpajibHbiH 
HHxepBaji  d(U  H  HHTepBaji  TejrecHbix  yrjioB  dQ  paBHa 

dQ 

(15) 


dW33  =  W,3g(^y-^Oo)d<» 


4;r  ’ 


rae 


W3g  =  1/r  -  o6paTHoe  BpeMjj  >kh3hh  napanosHxpoHHH,  W33  =  <Z^mc^/(2^)  — 


0,8.10’®  c'*  [11],  g(ci))  -  4)yHKmia  JlopeHua  c  umpHHOH  AcOq  =^|T  h  TIcOq  =  mc^. 

Hcnojibsya  flBaayibi  nepexoa  or  (12)  k  (14),  HaiifleM  cnanajia  BcpoarHOCTb  b 

eflHHHuy  BpeMeHH  cnoHTaHHO-CTHMyjiHpoBaHHoii  aHHHrajwuHH 

dWj3  =  (AV4)W33g(iy-<i)o)I(<»,k)dfixif2 , 
a  saxeM  h  cTHMyjiHpOBaHHO-cxHMyjiHpoBaHHOH  aHHHrH.iumHH  napanosHxpoHHfl 

dWii  =  (;rAV4)W33g(<y  -  iWg  )!(<«, k)f(<y,-k)d^n 
BO  BCxpeHHbix  noxoKax  cxHMy.nHpyK)mero  HajiyneHMSi  c  apKocxbio  (|)oxoHHbix  nyHKOB 

I(^y,k)  H  r(<y,-k). 

CooxBexcxBeHHO,  CKOpocxHaa  KOHCxaHxa  y  b  ypaBHeHHJix  (2),  (3),  oxBeHaromaa  sa 
BKJiafl  cnoHxaHHO-cxHMyjiHpoBaHHOH  aHHHXHJMUHH,  paBHa 

r  =  All(27r), 
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rfle  =  2;r/z/(mc)  =2,4.1 0'*®CM  ecrb  KOMirroHOBCKaa  fljiHHa  bojimh  h  =0,9.10' 
a  CKopocTHaa  KOHCTanra  ft  ,  flaromaa  Bicjiaa  CTHMyjinpoBaHHO-CTHMyjiHpoBaHHbix 


aKTOB  aHHHrajUIUHH  HMCer  bha 


P=-^ - 

2 


4.  MiicjieHHbie  omcnkm  Anfl  napanosuTpoHim 

HwcjieHHbie  ouchkh  npeflCTaBJieHbi  ajih  nyHKa,  b  KoxopoM  axoMOB  napanoanxpoHHH 
B  10^  pas  MCHbUie,  HBM  CB06oflHbIX  SJICKXpOHOB  H  nOSHXpOHOB,  a  CXeneHb 
MOHOKHHeXHHHOCXH  XaKOBa,  MXO  flOJW  aXOMOB  napanOSHXpOHHH,  BSaHMOAefiCXByiOmHX  c 
4)oxoHHbiMn  nyHKaMH,  cocxaBji^ex  £■  =  10'^  . 

noporoBbie  apKOCXH  noa^HxaiomHx  ny^KOB  (j)oxoHOB  oueHHBaKDxca  no  (5)  h  (6) 
BCjiHMHHaMH  Ijg„ /( A^yg'^^^)  >  1 0^^  cm'^  cxpafl'^  H  Ijg„/(Aft)oAQ)  >  8.10^°  cm^ 

cxpafl'\  rae  npHHJix  K03(J)4)HUHeHX  accHMMexpHH  //=100  H  ynxeno,  hxo  ochobhoh 
npHHHHOH  noxepb  raMMa  KBanxoB  hs  nyHKa  aBJinexcH  KOMnxoHOBCKoe  pacceaHne  (J)oxohob  c 
ceHCHHCM  B  paccMaxpHBacMOH  oGjiacxn  nacxox  paBHbiM  [11]  cr «  0,4(8;r/3)rg  = 
2,6.10’^^  CM^  (Tq  -  KjiaccHHecKHH  paanyc  sjicKxpoHa,  rQ=2,8.  10'^^cm). 

IlapaMerp  aKTUBHOCTH  cpej^bi,  KpHXHHecKHH  jxnsi  Hanajia  no^Hcnra  jiaBHHOo6pa3HOH 
HHz^y^HpoBaHHO^^  aHHHFHJi^UHH  napano3HTpoHH^  onpeAejiHCTCH  ycjiOBHeM 

A„  ~1  (cm.  pnc.l),  Koxopoe  aaa  noporoBoro  snaHeHJia  apKOCXH 

noflacnraiomero  ^JOTOHHoro  nyHKa  ljgj,/(Aft)QAQ)  =  8.10^^  cm'^  cxpa.^■*  mohccx  6bixb 
yflOBJiexBopeno,  nanpHMep,  npn  N  =  IO'^cm'^  h  L  =  10m  .  KpnxHHecKne  snaneHHa  h 
(in/Iign)  jiorapH4)MHHecKH  cjia6o  saancax  ox  cxenenn  accHMMexpnn  noflacnra  fJ,  ,  hxo 

nosBOJiaex  Haaeaxbca  na  cxapx  npouecca  xiaBHHOoGpasHon  HHayunpoBaHHon  aHHHXHJiapHH 
nosHxpoHHa  c  3^0BHa  njioxHocxn  noxoKa  cnonxaHHbix  4^oxohob,  HcnymcHHbix  npn 
cnoHxaHHO-cxHMyjinpoBaHHbix  aKxax  aHHHXHJiauHH,  xo  ecxb  b  oxcyxcxBne  BHemnero 

noflacHxaiomero  nyHKa  I  .  B  3xom  cjiynae  hmccx  cmhcji  ncnojibsoBaxb  npCHMymecxBa 


I  * 


peJiaTHBHCTCKoro  ABH>KeHHH  axoMOB  nosHTporfHH.  KaK  yKasbiBajiocb  Bbime,  BCxpeHHoe 
ABHaCCHHC  aXOMOB  n03HXp0HHJI  B  nyHKC  C  pejiaXHBHCXCKHM  4)aKXOpOM  Y  «  500  nOSBOJiaeX 

B  4^ ^=5. 10^  pas  CHHSHXb  HpKOCXb  noflJKHxaiomero  nyHKa.  KpoMe  xoro, 

3 

SHcprM  (jjoxoHOB  B  noflacHxaiomeM  nyHKe  Moacex  6bixb  cHHacena,  corjracHO  (1),  b  2y=10 
pas.  B  Hxore,  noporoBoe  SHaHeHHC  cneKxpanbHO-yrjiOBofi  njioxHOCxH  noxoKa  sHepxHH  b 
noflJKHxaiomeM  nyMKe  cocxaBHX  0,8.  lO’^  sB  cm'^  cxpaA'^  ,  hxo  nonaAaex  b  AHanasoH 

AOCXHJKHMblH  C  nOMOIAbK)  peHXXeHOBCKHX  JiaSCpOB. 


5.  A>iHaMMKa  ycMJieHMfl  BCxpeMHbix  noA>Ki4raioi4iix  nyMKoe.  OpTonosurpoHiiM. 

JIaBHHOo6pa3Hoe  HSJiyneHHe  xHraHXCKOro  HMnyjibca  raMMa  KBaHxoB  npoHCxoAHX  h 
npH  BHeillHCM  nOA^HXe  XpeXKBaHXOBOfi  HHAyUHpOBaHHOH  aHHHXHJiaUHH  OpXOnOSHXpOHHH. 
B  BbipoxqieHHOM  cjiynae,  KOXAa  noA>KHr  ocyiAecxBJiaexca  AByMx  BCxpeHHbiMH  nyHKaMH 
(j)OXOHOB  C  njlOXHOCXHMH  nOXOKOB  I  H  I*  H  SHeprUHMH  (J)OXOHOB,COOXBeXCXBeHHO, 

= /ifyo/2  =  mc^/2  h  fio)*  =  %(Dq  =■  ,  cxauHOHapnbiH  npouecc  ycnjienHH 

onHCbiBaexcH  cHcxeMOH  hs  AByx  ypaBHeHHH 


2dz 


dl  XTT^T* 

-—  =  X^  I  . 


(20) 


HHxerpHpoBaHHC  sxoii  cHCxcMbi  npHBOAHX  k  xpaHCueHACHXHOMy  ypaBHCHHK) 


In 


L 


f 


ign 


L 


2^  +  1 

^ign 


2-^n 


L 


ign 


r  j  2^^ 

2-^  +  1  +  - 


V 


I 


Ign 


1^) 


(  I  2^'^ 


1. 


Ign 


L 


A 


2^  +  1 

.  ^ign 


=  lignZ^ 


(21) 


FAe  I„  =  Iig„  -  =  (V2)(lign  -  lout)  -  HHCxbiii  BbixoA  nyMKa  f ,  a  I^g^  h  I*g„  = 

njioxHOCxH  BHeuiHHx  noxoKOB  noA^HraiomHX  ^JOXohob  na  bxoac  b  o6jiacxb  ycHJieHHx. 
PemcHHe  sxoro  ypaBHCHH^  npeACxaBjieHO  na  pHC.2  b  bhac  saBHCHMOCXH  In/Iign  ot 

napaMCxpa  aKXHBHocxH  cpeAw  A  =  Ijg„  jiNL  npH  pasjiHHHbix  SHaHCHHax  accHMMexpHH 
HHxeHCHBHOCxeii  noA^HraioiAHx  nyHKOB.  Bhaha  HeoAHOsnaHHOCxb  sxoii  sabhchmocxh, 
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k 


CBH^^erejibCTByiomaH  o  jiaBHHoo6pa3HOM  pasBHXHH  npouecca  HH^yuMpOBaHHOH 
aHHHFHJIilUHH  npH  KpHTHHCCKHX  SHaneHIWX  napaMCXpa  aiCTHBHOCTH  A  =  1  . 

CKOpocTHan  KOHCTaHxa  X  ?  BxoA^maH  b  ypaBHenra  (20),  MO^ex  6bixb  nojiyneHa 
CJIez^yK)I^HM  oGpasoM.  Hanaxb  Ha;^o  c  Bbipa^eHra  sepo^xHOCXH  b  e^HKHi^y  BpeMeHHH 

cnOHxaHHoii  xpexKBanxoBOH  aHHHXHjiMUHH  c  HcnycKaHHeM  ;^Byx  4^oxohob  nacxoxbi 

* 

CD  =  COqIT.  b  oflHOM  HanpaBjieHHH  h  Tperbero  (J)OTOHa  nacTOTbi  O)  =  0)q  b 
npoTHBonono^HOM  HanpaBJiCHHH  B  nacTOTHbiH  HHTepBan  AoD  h  reJiecHbiH  yroji  dQ 

^  (22) 


rfle  CBaaaHa  c  o6paTHbiM  BpeMencM  >kh3hh  opTonoaHxpoHHa 


1  2{7c^  -  9)  6  mc^ 


9;r 


a 


fi 


=0,7. 10 'c 


7^-1 


(23) 


cjieayiomHM  cooxHOuieHHeM  [11] 


wi°)  = 


2  1 

-9)  odqTq 


(24) 


npHMeHaa  saxeM  xpHJKflbi  nepexofl  ox  (12)  k  (14),  npHflCM  k  Bbipa^CHHio  ajih  cKOpocxH 

“nOJIHOCXblO”  HHayUHpOBaHHOil  XpeXKBaHXOBOH  aHHHPHJI^UHH  0pX0n03HXp0HHH  BO 
BCXpCHHblX  4)OXOHHbIX  HyMKaX 


= 


—  wf  >g(<y  -  ^)fi0D,k)l\20D-2k)d0)dn, 

V  4  ;  2 


(25) 


OXKyaa  AJIB  CKOpOCXHOil  KOHCXanXbl  ^  HHflyUHpOBaHHOH  aHHHXHJiaUHH  0pX0n03HXp0HHH 
nojiynacM  cjieayromee  Bbipa>KeHHe 

4  4.1 

^  ■  ;r(;r"  -  9)  roV  (AffloAO)"  '  (26) 

OijeHKa  noporoBOH  njioxHOCXH  noxoxa  4)oxohob  nofl>KHraK)mero  nyHKa  npHBOflHx  k 


6H 


(27) 


4  ¥ 


^ign  ^ 


a(N,  +  N_)(//  +  1) 
N  £X  j 


in 


HTO  flaer  HpesEbinaHHO  Gojibiuyio  noporoByio  apKOCTb  Ii^/(Affl„An)  =  1,5.10”  CM-^ 

crpaji  ^  ,  flajiCKO  Bbixoflamyio  sa  npeaejibi  bosmoxchoctch  coBpeMeHHbix  hctohhhkob 
HSJiyMeHHH  H  flejiaiomyio  noA>KHr  HHflyuHpOBaHHofi  aHHHPHJiHUHH  opxonosHrpoHHa  b 
HacToamee  Bpem  HepeajibHbiM. 


6.  SaKJiioHeHiie 

npoBeACHHbiH  anajiHs  pacKpbiBaer  ocHOBHbie  npeHMymecTBa  h  HeflOcraxicH  Mexo^a 
BHCuiHero  no,BMCHra  BCxpenHbiMH  (JjoxoHHbiMH  nyHKaMH  npouecca  HH^^y^HpoBaHHOH 
aHHHXHjmUHH  aXOMOB  n03HXp0HHa; 

•  ycxanaBjiHBaexca  npHcymHH  jiHuib  flByxKBaHXOBOMy  cxHMyjiHpoBaHHOMy  HcnycKaHHio 
BO  BCxpcHHbix  nyMKax  cneuHajibHbiH  bha  AHHaMHHecKoii  pacnpcAejiCHHOH  o6paxHOH 
CBH3H  6e3  KaKHx-jiH6o  oxpa>KaK)mnx  cxpyKxyp. 

•  HejlHHCHHOCXb  oSpaXHOH  CBJI3H  C  K03(j)4)HUHeHX0M,  IipOnOppHOHaJIbHblM 
HHXeHCHBHOCXH  FiyMKa  (JlOXOHOB,  BbI3blBaeX  JiaBHHOo6pa3HyiO  aHHHXHJlJmHK)  aXOMOB 

no3HxpoHHH,  conpoBOJKAaiomyiocH  H3JiyHeHneM  rHxaHxcKoro  HMnyjibca  raMMa  KBaHXOB. 

•  Bo3MO>KHOCXb  HCnOJIbBOBaHHa  pejIHXHBHCXCKHX  nyHKOB  aXOMOB  n03HXpOHHJI 
cymecxBCHHo  cHHxcaex  xpe6oBaHH}i  k  HCXOHHHKy  noA^wraiomHx  (Jioxohob  BCxpenHoro 

HanpaBJieHHH.  IIpH  SHepXHH  SJieKXpOHOB  H  n03HXp0H0B  »  260  M3B  ^  500  ) 

noporoBaa  cneKxpajibHO-yrjiOBaa  njioxHOCXb  noxoKa  SHepxHH  b  noAxcHxaiomeM  nyHKe 
cocxaBjmex  ajuj  napano3nxpoHHH  BCJiHMHHy  0,8.10^^  sB  cm'^  cxpaA'*  ,  nonaAaiomyio  b 
flHanaaoH  peHxrcHOBCKHX  jiaaepoB. 

•  CnoHxaHHbie  4)OTOHbi,  HcnycKacMbie  b  KaacflOM  axxe  cnoHxaHHO-cxHMyjiHpoBaHHofi 
H3JiyHaxejIbHOH  aHHHPHJlHUHH  aXOMOB  n03HXpOHHH,  BbI3BaHHOH  OAHHM  XOJIbKO  nepBbIM 
noaacHxaiomHM  nyHKOM,  HAeaJibHO  noAxosax  ajm  nocjieAyioiAero  y^cxHH  b  aKxax 

AByXKBaHXOBOH  CXHMyjIHpOBaHHO-CXHMyjlHpOBaHHOH  aHHHFHJMAHH  H,  CJieAOBaXCJIbHO, 

Moryx  Hxpaxb  pojib  Bxoporo  noA^nraioiAero  nyHKa. 
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•  OcymecTBjieHHK)  nofloSnoro  npouecca  ceroana  Mcmaer  oTcyrcTBHe  hctohhhkob 
noflJKHraiomHX  raMMa  KBaHTOB  aocraTOHHOH  apKocxH  (ajw  opTonosurpoHHa)  h 
aocxaTOHHOH  aJiHxejibHOCTH  HMiiyjibca  (ana  napanosHTpoHHa)  h  noaroMy 
npcHMyiaecTBa  Meroaa  BHemenro  noa^ura  HHayUHpoBaHHofi  aHHHraaaaHH  axoMOB 
nosHxpoHHfl  Moryx,  no-BHanMOMy  ycnemno  npoHBHXbca  aHuib  b  OKOHeHHofi  cxyncHH 
HCXOHHHKa  raMMa-KBanxoB  (HanpHMep,  nocae  peHxrenoBCKoro  nan  raMMa  aasepa, 
peaaxHBHcxcKoro  onayaaxopa  Han  aaaepa  na  CBo6oaHbix  aacKxpoHax  h  x.  n.)  ajw 
noayHeHHB  KpaxKOBpeMCHHoro  HMnyabca  raMMa  450xohob  SHaHHxeabHofi  ohroboh 
aMnaHxyabi. 

^taHHaa  pa6oxa  BbinoaneHa  npH  nacxHHHOH  noaaepacRe  PoccHHCKoro  <l>OHaa 
<I>yHaaMeHxaabHbix  HccaeaoBaHHH  (rpanx  M  96-02-17686a)  h  HOARD  (npoeKXbi  SPC-96- 
4032  H  SPC-96-4033). 
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